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ABSTRACT 


The Naval Postgraduate School Spacecraft Architecture and Technology 
Demonstration Satellite, NPSATl, launching in the fall of 2006, will include a system to 
measure the performance of new experimental triple-junction solar cells. The measuring 
circuit in the Solar-Cell Measurement System (SMS) is based on a circuit developed at 
the Naval Postgraduate School many years ago. It will trace the cells’ current-voltage (/- 
V) curves while in orbit. The SMS consists of a radiation-hardened microcontroller that 
uses a radiation-hardened FPGA to monitor a collection of sensors. A current-sink circuit 
is used to measure the current and voltage on the test cells. Prior to launch, extensive 
testing is being performed on the system to ensure proper operation. The tests consist of 
subjecting solar cells and the measuring circuit electronics under conditions modeling the 
space environment while taking cell measurements. This thesis presents the mission 
information, system design, test setup, and test results of the SMS measuring circuit. 
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EXECUTIVE SUMMARY 


The Naval Postgraduate Sehool Spaeeeraft Arehiteeture and Teehnology Demon¬ 
stration Satellite, NPSATl, launching in the fall of 2006, will include a system to meas¬ 
ure the performance of new experimental triple-junction solar cells. The measuring 
circuit used in the system is based on a circuit developed at the Naval Postgraduate 
School many years ago. The Solar-Cell Measurement System (SMS) will trace the cells’ 
current-voltage {I-V) curves while in orbit. The System consists of a radiation-hardened 
microcontroller that uses a radiation-hardened FPGA to monitor a collection of sensors. 

A current-sink circuit is used to measure the current and voltage on the test cells. A total 
of 24 cells on the satellite will be tested, 22 of which are the experimental cells, and two 
are dual-junction cells serving as reference cells. Prior to launch, extensive testing is be¬ 
ing performed on the system to ensure proper operation. This thesis presents the mission 
information, system design, test setup, and test results of the SMS measuring circuit. 

The tests performed include temperature variation on the solar cells and the circuit 
electronics, and variation of the light incidence angles on the solar cells. The SMS meas¬ 
uring circuit will take I-V curves of the solar cells under these various conditions, and the 
curves will be compared to control curves to describe accuracy. The test conditions are 
meant to simulate some of the conditions expected in space, or at least to observe if there 
are any conditions that might not be specific to space that would affect the circuit’s per¬ 
formance. 

For the temperature-variation tests, the cells were kept at three temperatures while 
curves were traced. In the incidence-angle tests, the cells were illuminated at four angles, 
arbitrarily chosen for convenience of the setup. In both tests, the curves traced by the 
SMS measuring circuit were compared to curves taken by a control device. In a third 
test, the measuring circuit was heated to observe any effects by temperature. The curve 
taken was compared to the curve taken while the circuit was at room temperature. 

The results are not entirely conclusive. Test equipment affected the output of the 
circuit. Noise appears at the A/D and D/A converter card, and the curves are affected. 

To obtain results that are more conclusive, the digital portion of the SMS will need to be 
completed to connect to the analog measuring circuit for a more compatible test. The 



digital controller is expected to generate an output signal muoh eleaner than the converter 
card. The output of the analog cireuit would then be unaffected by outside factors. 
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I. INTRODUCTION 


A. BACKGROUND 

The Naval Postgraduate Sehool (NPS) is in the proeess of building its second sat¬ 
ellite. Its first satellite, the Petite Amateur Navy Satellite (PANSAT) launched in 1998, 
was a success. Managed by the NPS Space Systems Academic Group (SSAG), the satel¬ 
lite project allowed NPS students to gain hands-on experience in the design and testing of 
the systems onboard the satellite. The current satellite, NPSATl, again offers the same 
opportunity, and when it is launched in the fall of 2006, students will have an opportunity 
to participate in satellite flight operations. 

The Naval Postgraduate School Spacecraft Architecture and Technology Demon¬ 
stration Satellite, NPSATl, is a low-cost technology demonstration satellite with several 
integrated experiments. The NPSATl mission, conceived and developed by NPS SSAG, 
is sponsored and executed by the Department of Defense Space Test Program (SMC Det 
12 ). 

One of the systems onboard the satellite is the Solar-Cell Measurement System 
(SMS). It is considered an experiment on the satellite, as it is the first time being used by 
NPS and it will measure current-voltage characteristics of experimental solar cells. The 
data gathered will be beneficial for the satellite sponsors for future projects. 

The SMS contains an analog subsystem and a digital subsystem. The digital sub¬ 
system is the system controller. It will control the analog subsystem in setting the appro¬ 
priate voltages, and process and store the output from the analog portion. The analog 
subsystem is the focus of this thesis. The main part of the analog subsystem is made up 
of analog current-sink circuits to measure the voltage across the solar cell while a current 
is drawn from the cell. The analog current-sink circuit is based on the work of LT Robert 
Callaway, USN, and Professor Sherif Michael at NPS in 1986 [1]. Their work will be in¬ 
troduced in Chapter V. 

B, PURPOSE AND OBJECTIVE 

To ensure the design of the SMS analog circuit is valid, it is essential that the de¬ 
sign be tested thoroughly prior to flight. The prefiight testing will reveal any potential 
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problems in the cireuit, and will allow engineers to make revisions. This will help ensure 
the proper operation of the system while in orbit. 

This thesis examines the analog circuit design and operation. It describes the test¬ 
ing procedure, the tests performed, and their results. The tests consisted of the following: 

• Observed the accuracy of the SMS analog circuit output while measuring solar 
cells at various cell temperatures. 

• Observed the output of the circuit while the temperature was varied on the circuit 
itself 

• Observed the accuracy of the circuit output while the solar cells were illuminated 
at various incidence angles. 

The tests were meant to simulate some of the conditions that will be met in space, 
although they will not be an exact replication. The temperature of the satellite will vary 
over a wide range, and the temperature will affect both the electronics of the circuit and 
the solar cells. The cells will also be receiving sunlight at various angles. The tests on 
the circuit will determine if it can measure the cells accurately under those conditions. 

To qualitatively describe the SMS analog circuit’s performance, its outputs will 
be compared to a trusted measuring device acting as the experiment control. The goal is 
to have the SMS analog circuit to achieve accuracy to within 2% of the control measure¬ 
ments. 


C. ORGANIZATION 

The thesis is organized in chapters, with sections within the chapters, and subsec¬ 
tions within the sections. These terms will be used throughout the text to refer to various 
portions of the document. The next chapter introduces the physics of a solar cell and its 
operation. Chapter III discusses the NFS AT I satellite and its mission in more detail. 
Chapter IV describes the NFS Solar Simulation Laboratory and the equipment used to 
test solar cells and the SMS. Chapter V returns to the SMS and its analog subsystem to 
discuss in detail its mission, origins, and operation. The chapter then describes in de¬ 
tailed the testing procedures and results. Chapter VI provides the conclusion and recom¬ 
mendation for future research. Several appendices are at the back of this thesis, and they 
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contain useful information for future students. Appendix A lists the numerieal eonstants 
used in the text. Appendices B and C eontain proeedures to replieate the tasks performed 
in the experiment. Appendix D shows the circuit schematic and board layout of the pro¬ 
totype printed cireuit board used in testing, while Appendix E provides readers with the 
souree eode for the program used in the experiment. Finally, Appendix F ineludes all re¬ 
sults from the tests performed. 
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II. THE PHYSICS OF PHOTOVOLTAICS 


A photovoltaic (PV) device, or simply photovoltaie, is a general term for deviees 
that eonvert radiant energy into eleetrieal energy. This eonversion of photons to voltage 
is often called the photovoltaic effect. Solar eells are a type of photovoltaic devices that 
eonvert solar radiation (the sun’s energy) into useful eleetrieal energy. There are other 
PV eell teehnologies, sueh as the thermophotovoltaic (TPV) eells, that eonvert, for exam¬ 
ple, infrared rays into eleetrieal energy. 

The fundamental of solar eells is presented early beeause the remainder of this 
thesis requires an understanding of the material in this ehapter. The sun’s energy, the ba¬ 
sic operation of the solar eell, and eharaeteristics of solar cell performance are explained 
here. Relevant topies are discussed in some detail, but no attempt has been made to de¬ 
rive or present every property of photovoltaie devices. There are many good textbooks 
on semieonductor and photovoltaic physics, and interested readers ean refer to the refer- 
enees eited, sueh as [2], for more details. 

The organization of this ehapter assumes the reader is familiar with semieonduc¬ 
tor physics (/7-n junctions). After diseussing the sun’s energy, the ehapter eontinues with 
an introduetion to the operation and properties of solar eells. Understanding the opera¬ 
tion of the solar eell requires knowledge of diodes, sinee solar eells are essentially p-n 
junetion diodes. 

A. SOLAR CONSTANT, IRRADIANCE, AND AIR MASS NUMBER 

Before discussing the operation of solar eells, it is important to discuss the sun 
and its energy. After all, it is what solar eells use to produee eleetrieal energy. 

The sun delivers light and energy to us eonstantly. It is a radiator whose speetrum 
ean be approximated by a 6050K blaekbody [2]. This spectrum can vary due to differing 
temperature aeross the sun. Energy delivered by the sun, or any radiant power souree, 
ean be deseribed by its irradianee. Irradianee is defined to be the radiant power ineident 
per unit area on a surfaee, usually measured in Watts per square meter. The irradianee of 
the sun in spaee just outside of the atmosphere is about 1.353 kW/m^ [2,3]. Beeause this 
number is so commonly used, it is also ealled the solar constant. The solar eonstant will 
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change due to seasons, where the earth-sun distanee varies. However, the variation is 
only about 3% [2], 

Another item important in understanding solar eell performanee is the air mass 


number. One should not eonfuse “air mass” in meteorology to the “air mass number” 


when diseussing the solar speetrum. The air mass discussed here is the optical air mass. 
The air mass number is defined to be the path length through the atmosphere relative to 
the shortest path [2], For example, for a path through the atmosphere that is normal to the 
earth’s surface, whieh is the shortest path from spaee to the earth surfaee, the air mass 
number is defined to be one, written and read “air mass one,” or abbreviated as AMI. 

For a path length at a zenith angle z, the air mass number AM is defined in [2] to be 


( 2 . 1 ) 


AM = see z . 


Alternatively, the air mass number ean be estimated by measuring the length of the 
shadow 5 oast by a vertioal struoture of height / and oaloulating (given in [4]) 



( 2 . 2 ) 


Figure II-1 illustrates the relationship between the sun zenith angle and air mass 
number [5]. As the angle is inoreased, the path for sunlight inoreases, the air mass num¬ 
ber inoreases, and the intensity of the solar speetrum deoreases. Air mass numbers are of¬ 
ten used to describe the entire solar spectrum at a particular location. Because in space 
the path length through the atmosphere is zero, AMO is often used to describe the solar 
spectrum in outer spaee. Other AM numbers are used in terrestrial solar eell applications. 


ZENITH 



Figure II-l. Illustration of the air mass number, path lengths, and 
zenith angles (From [5]). 
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Figure II-2 shows the AMO spectrum for wavelengths up to 3000nm. The x-axis 
is wavelength of the radiation in nanometers (nm). The j-axis is irradiance in micro- 
Watts per square centimeter per nanometer. Integrating the AMO curve, which is the area 
under the curve, would give the solar constant: 1.353 kW/m . 


Solar Spectrum at AMO 



Figure II-2. The AMO solar spectrum (Data from DoE/NREL). 

The sun radiates electromagnetic (EM) waves of wavelengths from about 200 nm 
to over 5000 nm (very small in energy at that point). The visible spectrum is from about 
400 nm (violet) to 700 nm (red). One can see that the visible spectrum is a very small 
part of the wavelengths the solar spectrum occupies. It is in the visible spectrum, how¬ 
ever, where the solar radiation is the strongest. The neighboring region of wavelengths 
less than 400 nm is the ultraviolet spectrum, and the neighboring region of wavelengths 
higher than 700 nm is the infrared spectrum (heat). 

B, SOLAR CELLS 

1, Light Absorption and Material Selection 

Any electromagnetic (EM) radiation consists of photons, and all photons contain a 
particular amount of energy. The difference between the different photons of different 
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portions of the EM spectrum is the energy contained in the photon. The photon’s energy 
Ep is related to its frequency by 

Ep=hf (2.3) 

where h is Planck’s constant and/is the frequency of an EM field in Hertz (Hz) [6]. 

Thus, each frequency in the EM spectrum has an energy associated with it. Since fre¬ 
quency is related to wavelength and speed of propagation, the photon energy can also be 
rewritten in terms of wavelength by 



where c is the speed of light and X is the electromagnetic wavelength [6]. At any specific 
wavelength or frequency, all photons have the same amount of energy, regardless of the 
strength of the field or the brightness of the light. The intensity depends on the amount of 
photons striking a surface area per unit time. 

Semiconductors are characterized by their energy bandgap Eg. To excite an elec¬ 
tron in the valence band to move to the conduction band, energy greater than the bandgap 
is necessary. This can be provided by photons with sufficient energy. The semiconduc¬ 
tor will be able to absorb photons containing energy Ep>Eg. When a photon is ab¬ 
sorbed, its energy is taken to excite an electron to the conduction band. Each photon will 
generate only one electron-hole pair; any excess energy is dissipated as heat [6]. Eor 
photons containing less energy than the bandgap, they simply pass through the semicon¬ 
ductor and do not generate any electron-hole pair. Therefore, to absorb the sun’s light, 
where most of the stronger irradiance is in the visible spectrum, a semiconductor material 
with the appropriate energy bandgap is chosen. This is crucial to taking advantage of the 
solar spectrum. Elsing Equation (2.4), for silicon with a bandgap of about 1.11 eV 
(1 eV = 1.6x10^'^ J ) and assuming the speed of light in a vacuum, the maximum wave¬ 
length it can absorb is 1.1 pm. This places most of the absorbable photons in the visible 
spectrum. This is the reason why silicon was a choice in designing the first solar cells. 
The energy bandgaps for typical semiconductors are listed in Table II-1 [7]. 

Solar cells made of other materials also satisfy the above condition. As explained 
in a later section, advanced cells made of multiple layers of material use this property to 
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absorb as many photons as possible in a wide range of wavelengths. Reeent researeh has 
led to using photovoltaic cells that convert source energy from other spectra into electri¬ 
cal energy, such as thermophotovoltaic cells (absorbing heat, or infrared rays) [8]. The 
idea is the same; the material used will be selected specifically to absorb the desired 
wavelengths. 


Material _ Symbol Bandgap (eV) 


Diamond 

C 

5.5 

Silicon 

Si 

1.11 

Germanium 

Ge 

0.67 

Gallium Phosphide 

GaP 

2.26 

Gallium Arsenide 

GaAs 

1.43 

Indium Phosphide 

InP 

1.34 

Indium Antimonide 

InSb 

0.18 


Table II-l. Energy bandgap for typical $emicondnctor$. Tbe nnit “eV” is 
electron-Volts, a common nnit for describing electron energy (after [7]). 

2, Current Generation 

A diode alone does not generate external current. Internally, there are drift and 
diffusion currents, but that is invisible outside of the diode. However, if there is excita¬ 
tion of electrons by some energy source, the excess free electrons will want to flow and 
create current. The excitation generates electron-hole pairs. Electrons freed in the n side 
will be repelled by the electric field, forcing them away from the depletion region. They 
will gather at cathode (the n terminal). The holes will be swept by the electric field to the 
p side, resulting in excess holes in the p side, gathered at the anode (the p terminal). If the 
anode and the cathode of the p-n junction are connected together through a conductor 
(short circuit), the excess electrons at the cathode will want to follow the wire toward the 
anode. The holes will go in the opposite direction from the anode to the cathode, conse¬ 
quently resulting in an external current flow. Because of current direction convention, 
the direction of current for the solar cell is out of the anode and into the cathode. This 
current is called the short-circuit current, Ac [6]. Note that the solar cell current direction 
is opposite of that for a regular diode. 

The electron excitation source in a solar cell is the photon. Photons with suffi¬ 
cient energy bombarding the cell will generate electron-hole pairs, allowing the above 
phenomenon to occur. Therefore, when a cell is illuminated, a current Ac is generated. 
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High temperature will also cause thermal excitation, but the amount is small compared to 
photon excitation [6]. 

3, Characterization of Solar Cells 

A solar cell is characterized by its current-voltage curve, or I-V curve, and the fol¬ 
lowing properties that describe the cell’s performance [2]; 

/sc Short-circuit current 

Foe Open-circuit voltage 

Pmax Maximum output power 

rj Conversion efficiency 

ff Fill factor - “squareness” of the curve 

The solar cell I-V curve is a plot of the output current versus its output voltage 
under illumination. The plot is very much like that for a diode. For a regular diode, the 
current-voltage relationship is given by 

I = (2.5) 

where h is the saturation current that is a property of the diode, n is a constant dependent 
on the diode material, and Vt is the thermal voltage [10]. For a solar cell in the dark, its 
current-voltage relationship is the same as that given by Equation (2.5). If the solar cell 
is illuminated, it will generate its own current. At zero voltage (short-circuit), the current 
generated is simply Ac [4]. Then for an illuminated solar cell, the ideal I-V relationship is 

/ = /„(/'■''-l)-4. (2.6) 

The result is the I-V curve of the diode translated downward by /jc [4]. The sign in front 
of /sc is negative because the short circuit current is flowing opposite of the direction of a 
regular diode. Figure II-3 shows a generic plot of the dark and illuminated I-V curves ob¬ 
tained by Equations (2.5) and (2.6) [4]. The illuminated I-V curve is in the fourth quad¬ 
rant of the /-E plane indicating that power is being supplied to the load [8]. 

Generally when speaking of solar cells, the /-Eplot is reflected about the voltage 
axis (x-axis) so that the current is considered positive [4]. Then we obtain a typical I-V 
curve looking similar to that of Eigure II-4, where the /sc is positive. This is the configu¬ 
ration shown in manufacturer’s specification sheets. 


10 




Figure II-3. Output curreut-voltage relatiouship for a p-n juuctiou wheu 
dark aud illumiuated (After [4]). 



0 OJ 1 15 2 25\ 3 

Voltage (V) Vac 


Figure II-4. A sample I-V curve for a solar cell with properties marked. lu 
this example, the curve is for a triple-juuctiou solar cell (After [11]). 


The open-circuit voltage is the voltage aeross the cell when the output current is 
zero [4]. Hence, to find the open-circuit voltage Foe, set / to zero in Equation (2.6) to ob¬ 
tain 


F„,=nF,ln 


^ I ^ 
^ + 1 

V ^0 


(2.7) 


Therefore, the open-circuit voltage is dependent on the short-circuit current of the solar 
cell. 
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The cell output power is found by P = IV, and there is a point (Fmp, /mp) that will 
maximize the output power [4], resulting in 

P =I V . (2.8) 

This is the maximum power delivered by the solar cell. In typical situations, the load is 
adjusted so that the cell operates near this maximum power point. 

The energy-conversion efficiency depends on the input power. For AMO, the in- 
put power would be the solar constant (1.353 kW/m ). Letting C be the solar constant 
and A be the area of the receiving surface in square meters, the efficiency rj, given in [4], 
is 


ri = 


AC ■ 


(2.9) 


The final property, the fill factor, ff, is found by 

ff = ^^. (2.10) 

VI 

oc sc 

The fill factor is a measure of how “square” the curve is [4]. Typically, the fill factor will 
be between 0.7 and 0.85 [4]. 

Finally, a common circuit symbol for the solar cell is a diode symbol with a circle 
around it, and with arrows pointing toward the diode/circle to indicate light shining on 
the cell, as shown in Figure II-5. Although there may be other conventions, this symbol 
will be used for this thesis. Whereas for a diode the current goes into the “fat” end of the 
arrow (the anode) and comes out of the arrowhead (the cathode), the solar cell’s current 
direction is the opposite [12]. 


/ 



Figure II-5. Circuit symbol for the solar cell. Note the curreut directiou. 
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4, Factors Affecting the Solar Cell Output 

Many factors could affect the performanee of the solar eell, ineluding radiation, 
temperature, light ineidenee angle, series and parallel resistanee, to name a few [4], For 
the purpose of this thesis and the tests done on the NPSATl SMS, the diseussion only in- 
eludes the effeets of temperature and light ineidenee angle. 

If the ineident light is perpendieular to the surface of the solar eell, the eell’s out¬ 
put will be at its maximum. As the ineidenee angle deviates from the normal, the output 
eurrent will deerease. The new value of the short-eireuit eurrent, with a light ineidenee 
angle 6 from the normal (i.e., the angle between the ineident light ray and the normal to 
the eell surfaee), is cosO [12]. The open-eireuit voltage is not strongly dependent on 

the amount of light reeeived, but does deerease slightly for large angles from the normal. 
The predietion of eurrent follows well with experimental data for minor 6. As the angle 
from the normal approaehes 60° and above, the eurrent beeomes less than the predieted 
value of 0.5/^^. This is due to optieal refraetion and refleetion at the surfaee of the eell, 

whose effeets beeome important at large angles. This will be demonstrated in the test re¬ 
sults. 

Studying the effeet of temperature is important for solar eells operating in space. 
The temperature in spaee swings very widely. The short-eireuit eurrent is not strongly 
dependent on temperature, but it does inerease slightly with inereasing temperature [4]. 
The open-eireuit voltage, however, is more temperature-dependent. 

Green [4] gives an expression for the variation of voltage with respeet to tempera¬ 
ture. The expression given in [4], stated here without proof, is 

dv^ (E,«iq)-r^ + rrT 

dT T 

where Eg^ is the “linearly extrapolated zero temperature bandgap of the semieonduetor” 
making up the eell, Vt is the thermal voltage, and y ineludes the temperature dependen- 
eies of the parameters determining /o of the eell. Equation (2.11) states that the voltage 
deereases linearly with temperature. Substituting values for silieon (given in [4] as 
E^.jq ~ 1.2 V, Foe - 0.6 V, 7 ~ 3, r= 300K) gives 
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2.3 mV/°C. 


( 2 . 12 ) 



1.2-0.6 + 0.078 
300 


dT 


Hence, one can expect a decrease in open-circuit voltage of 2.3 mV for every degree Cel¬ 
sius (or Kelvin) increase (Figure II-6). The calculation agrees with experimental results 
and will be shown in the test results. 


I 


V 


Figure II-6. The effect of temperature ou the solar cell's output. lucreasing 
temperature will decrease the open-circuit voltage, while slightly raising the 
short-circuit current (From [9]). 


For a multi-junction solar cell, the effect of temperature is greater. A good esti¬ 
mate is to predict a -2 mV/°C change for each p-n junction [12]. For a triple-junction so¬ 
lar cell, discussed in the next section, there are three p-n junctions. Therefore, the triple¬ 
junction cell’s open-circuit voltage is dependent on temperature by about -6 mV/°C. 

5, Silicon and Single-Junction Solar Cells 

In a typical silicon solar cell, an n-type material sits atop a /7-type material. The 
top layer is thin while the bottom layer is thick. Generally, in silicon cells, the n-type ma¬ 
terial is doped with phosphorus and the />-type material is doped with boron. To carry 
current out of the cell, a metal back surface is attached under the bottom layer, and metal 
contact grids are placed on top of the top layer. At one edge on the top of the cell, a 
“conductor bus” is mounted where loads may attach to the cell. The bus can be seen in 
the silicon cells in Figure II-7 (the silver-colored strip on the cell) [11]. The open-circuit 
voltage on the silicon cell is typically around 0.6 V [1]. The short-circuit current, usually 
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expressed by milliampere per unit area, will depend on the doping properties of the solar 
cell. 



Figure II-7. Examples of silicon cells by Boeing Spectrolab (From [11]). 


There are other popular single junction cells such as germanium and gallium ar¬ 
senide cells. These work similarly to the silicon solar cells, but they have different band- 
gaps, short-circuit currents, and open-circuit voltages. Germanium has a higher /sc per 
unit area than other materials, but its Fqc is much lower. From Figure II-8, one can see it 
is a trade-off between /sc and Foe [9]. 



Figure II-8. Typical I-V curves for the various single-junction cell 
technologies (From [9]). 
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6, Multi-junction Solar Cells 

To improve the efficiency of photon absorption, multiple layers of different mate¬ 
rial can be stacked. Recent advancements have produced multi-junction cells by this 
method. Present commercially-available multi-junction cells contain two and three junc¬ 
tions. In dual junction (DJ) cells, two junctions are stacked on top of one another. 

For triple-junction (TJ) cells, three p-n junctions are stacked. Each of the layers is made 
of a different material, selected carefully to try to absorb photons in a wide range of 
wavelengths. The common TJ cells are made of GaInP 2 /GaAs/Ge layers, with the 
GaInPa (higher bandgap) placed on top and Germanium placed on the bottom, depicted in 
Figure II-9 [11]. The higher bandgap material is placed on top to absorb the higher en¬ 
ergy photons while letting the lower energy photos pass into the lower layers. The 
GaInP 2 layer will absorb photons of less than approximately 0.7 pm, the GaAs will ab¬ 
sorb less than 0.87 pm, and the Ge will absorb less than 1.85 pm [9]. From this, one can 
see that the cell will be able to absorb more photons and provide a better efficiency than 
single junction cells. The tunnel junctions depicted in the figure are inserted to allow the 
flow of current through the layers, and more information can be found in [9]. 
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Figure II-9. A simplified cross-sectional view of a triple-junction solar cell 

(From [11]). 

These advanced triple-junction cells can have efficiencies above 25%. Spectro- 
lab’s Improved Triple Junction cells, which we use in this thesis for our tests, have stated 
efficiencies up to 26.8%, while their best space cells, the Ultra Triple Junction cells, have 
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efficiencies up to 28.3%. The Foe for TJ cells can be between 2.5 V to 2.7 V [11]. For 
interested readers, Michalopoulos [9] provides an excellent detailed explanation of the 
structure and operation of a multi-junction solar cell. 

This chapter presented a brief introduction to photovoltaic physics. The material 
included is useful to understand the goal of the NFS ATI SMS project and will be re¬ 
ferred to later in this thesis. The topics discussed here are only an introduction and in no 
means constitute a rigorous study of solar cell operation or factors that may affect it. 
Readers interested in a detailed look at solar cell design and physics should refer to [2], 
[4], [6], or [8]. The following chapter provides a background on the NFS ATI satellite 
and the onboard systems to familiarize the reader with the numerous other mission objec¬ 
tives included in the NFS ATI project. 
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III. THE NFS SPACECRAFT ARCHITECTURE AND 
TECHNOLOGY DEMONSTRATION SATELLITE, NPSATl 


The solar cell and circuit tests in this thesis are part of the design and preflight 
testing for the Solar-Cell Measurement System (SMS) experiment onboard the NPSATl. 
To better understand the experiment and the reason for testing, it is best to have knowl¬ 
edge of the satellite and its mission. This chapter provides a brief background of the sat¬ 
ellite and discusses the various experiments onboard. The SMS experiment is presented 
in detail at the end of this chapter. Further details of the NPSATl project can be found in 
[13], [14], and [24]. 

A, ORIGINS AND OBJECTIVES 

The United States Naval Postgraduate School (NPS) established the Space Sys¬ 
tems Academic Group (SSAG) in 1982 in response to the increased focus in space sys¬ 
tems by the Department of Defense (DoD). The SSAG is an interdisciplinary group, 
comprised of faculty members from eight academic departments. It provides guidance 
for the Space Systems Engineering and the Space Systems Operations curricula at NPS, 
and oversees various space-related research projects. Its major goal is to pair ongoing re¬ 
search with the graduate education of military officer students. 

In 1998, the first satellite of NPS and SSAG, the Petite Amateur Navy Satellite 
(PANSAT), was launched from the Shuttle OxhiiQX Discovery on Shuttle mission STS-95 
into a low-Earth orbit. The PANSAT project was for the academic benefit of NPS stu¬ 
dents and, as a result, over 50 Master’s theses are part of PANSAT’s legacy. The value 
of such hands-on experience for the students was tremendous; it allowed them to be ex¬ 
posed to the development and design phases of a working satellite. 

The Naval Postgraduate School Spacecraft Architecture and Technology Demon¬ 
stration Satellite (NPSATl) will build on lessons learned from PANSAT. As with 
PANSAT, this satellite’s main objective is to enhance the academic experience for officer 
students at NPS. NPSATl is a low-cost technology demonstration satellite holding sev¬ 
eral experiments, and the results can give insight for future designs for space applica¬ 
tions. The mission is sponsored by the DoD Space Test Program (STP), and NPSATl 
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will be one of five satellites on mission STP-1 scheduled to launch on an Atlas V 
Evolved Expendable Launch Vehicle (EELV) in the fall of 2006. 

B. SPACECRAFT ARCHITECTURE 

NPSATl is an 81.6-kg, twelve-sided, semi-cylindrical satellite, covered with solar 
panels on each of the 12 faces [13]. Figure III-l shows a computer model of the satellite. 
The solar cell array is divided into three rings (each with 12 sides or panels) of equal size; 
top, middle, and bottom ring. Body-mounted solar arrays were chosen instead of deploy¬ 
able arrays to reduce risk of any malfunction during deployment. Antennas are mounted 
on both ends of the spacecraft to allow communication in the event that the satellite is not 
pointing correctly toward Earth. The satellite is three-axis stabilized, controlled by the 
NPSATl Attitude Control System (ACS). It will orbit at 560 km and 35.4° inclination, 
providing about 16 orbits per day [13,15]. 



Figure III-l. Computer-generated model of NPSATl. Note the three 
“rings” of solar arrays. The middle ring will contain the experimental solar 

cells (From [16]). 


The spacecraft is attached to the launch vehicle using the EELV Secondary Pay- 
load Adapter (ESPA). NPSATl will be powered off while attached to the launch vehicle, 
and is powered on upon separation. Communication with NPS ground station will com¬ 
mence shortly after, allowing NPS to determine the spacecraft’s status. 
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c. 


ONBOARD SUBSYSTEMS 


NPSATl is expected to operate with a great deal of autonomy. To do so, it con¬ 
tains four major systems onboard; the Command and Data Handler (C&DH), the Electri¬ 
cal Power Subsystem (EPS), the Attitude Control Subsystem (ACS), and the Radio 
Erequency Subsystem (RES), along with some mechanical subsystems. Eigure III-2 
shows an expanded view of NPSATl and Eigure III-3 shows the block diagram of the 
subsystems onboard NPSATl described in this section. Because the spacecraft is still 
under development, the system components could still change. 

1. Command and Data Handler Subsystem 

The C&DH contains various circuit boards connected via the PC/104 bus. It is 
the brain of the spacecraft, controlling the other subsystems. It contains a motherboard, 
analog-to-digital conversion circuits, the Configurable Eault-Tolerant Processor experi¬ 
ment (CETP), RES components, and data storage. The C&DH uses an Advanced Re¬ 
duced Instruction Set Computer (RISC) Machine (ARM) processor by Sharp Electronics 
Corporation (model KEV79520). The processor runs at very low power, which became 
the logical choice for the limited power available on the satellite. It will use the Einux 
operating system, chosen for its configurability. Mass data storage will be on a commer¬ 
cial off-the-shelf (COTS) integrated drive electronics (IDE) solid-state drive, similar to a 
flash memory, with about 256 megabytes of memory for storing all experiment’s data and 
telemetry information [13]. 

2. Electrical Power Subsystem 

The EPS is comprised of triple-junction (TJ) solar cells, lithium-ion (Ei-ion) bat¬ 
teries, and control electronics. The solar cells are Boeing Spectrolab Improved Triple 
Junction^ (ITJ) cells, commercially-available and space-qualified. The ITJ cells are 
mounted only on the top and bottom rings of the solar cell array and will provide the 
spacecraft with power and charge the batteries while NPSATl is not in eclipse. Some of 
the solar cell panels for the top and bottom rings can be seen in Eigure III-4. The middle 


* More information on Spectrolab space-qualified solar cells, including specifications, are at 
http ://www. spectrolab. com/prd/space/cell-main, asp 
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ring will be covered with new experimental TJ (abbreviated XTJ for the purpose of this 
document) cells. They too will serve as a power source. Also on the middle ring, on 
each of the 12 panels, there will be two additional cells mounted separately from the elec¬ 
trical system and used only for the SMS experiment on the satellite. More on the SMS is 
given in the next section. 
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Figure III-2. NPSATl expanded view (From [16]). 
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Figure III-4. Some of the solar cell panels for NPSATl, populated with 
Spectrolah ITJ cells (photo courtesy of Spectrolah). 
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3, Attitude Control Subsystem 

The ACS provides the three-axis stabilization control for the spacecraft. It con¬ 
sists of magnetic torque rods as actuators, a three-axis magnetometer as the sensor, and 
the controller. The ACS uses the control algorithm designed by Dr. Barry Leonard [17]. 
The hardware design of the ACS implements the Leonard algorithm. A momentum 
wheel is used as a backup for stability. The ACS uses orbit information to obtain the sat¬ 
ellite’s location. It performs a table look-up for the magnetic field vector at the location, 
and the control system compares it to the magnetometer measurement. The control algo¬ 
rithm, using torque rods, tries to correct for any difference. 

4, Radio Frequency Subsystem 

The RFS is a full-duplex system capable of 100-kbps transmission on both uplink 
and downlink. The system uses the Gaussian Minimum Shift Keying (OMSK) for modu¬ 
lation. The modem is a COTS device and the conversion electronics for the intermediate 
frequency (IF) will be designed and built at NFS. NPSATl will operate at 1767.565 
MHz for uplink and at 2207.3 MHz for downlink, using a 70-MHz IF. 

D, MISSION EXPERIMENTS 

NPSATl is a technology demonstration satellite and carries several experiments 
onboard. These experiments will provide insight for future research. 

1, CERTO and Langmuir Probes 

CERTO stands for coherent electromagnetic radio tomography, and Langmuir 
probes are used on rockets and satellites to measure electron and ion densities and elec¬ 
tron temperatures in the ionosphere. The CERTO and Eangmuir experiments are pro¬ 
vided by the Naval Research Eaboratory (NRL). The experiment will be used to develop 
tomographic algorithms for reconstruction of ionospheric irregularities. 

2. Configurable Fault-Tolerant Processor (CFTP) 

The CFTP is a NFS project, with the goal of designing a triple-modular redundant 
(TMR) configurable processor able to mitigate single event upsets (SEU). This mitiga¬ 
tion is necessary when the processor is used in space, where it resides in a harsh radiation 
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environment and bits can be flipped unintentionally. It is centered on a field- 
programmable gate array (FPGA), which has the capability of being reconfigured. For 
the experiment, the FPGA will be programmed to act as a TMR processor. Currently, the 
hardware design is complete, and testing is underway. More information can be found in 
[18] and [19]. 


3, Visible Wavelength Imager (VISIM) 

The VISIM is a COTS digital camera operated by a single-board computer. The 
camera will be used to take pictures when commanded, but will be powered off for the 
majority of the time. The camera provides a resolution of 652 x 494 pixels, and, when at 
NPSATl’s orbit of 560 km, will have a field of view of about 200 x 150 km. The VISIM 
can create a lossy representation of the image using JPEG at very high compression and 
transmit these thumbnails to ground station. The ground controller can then decide to 
download the original, raw (large) data on the next pass. 

4. Solar-Cell Measurement System (SMS) 

The SMS experiment is the focus of this thesis project. The goal for the system is 
to gather data from new, experimental solar cells in space. The system will collect I-V 
curves with a timestamp, along with temperature and sunlight angle information. 

On NPSATl, the experimental cells are mounted on the 12 panels of the middle 
ring. Recall from the EPS description that the solar cells on the middle ring are all ex¬ 
perimental triple-junction (XTJ) cells and will be used to provide power. Two additional 
cells are mounted separately near the top of each panel on the middle ring, wired only to 
the SMS experiment. Data will be gathered from only those separate cells on the panel, 
and not from the power-providing cells. Two space-qualified dual-junction (DJ) cells, 
placed separately from each other on different panels, will act as reference cells. There¬ 
fore, for the 12 sides of the satellite, there will be 24 total cells used for the SMS, of 
which 22 are the experimental TJ cells and two are the DJ cells. Eigure III-5 shows a 
layout drawing of one panel on the middle ring. 


26 



Cells for SMS, 2 per panel: 

a. 22 experimental TJ 

b. 2 commerical DJ 



Experimental cells to 
provide power 


Figure III-5. Layout of oue pauel of the middle riug of the solar array ou 

NPSATl (After [20]). 


The SMS consists of an analog subsystem and a digital subsystem. The analog 
circuit acts as the data gatherer, sensing the voltages, temperature, and sunlight angle. 

The digital subsystem acts as the controller, and interprets the data given by the analog 
circuit. Analog-to-digital and digital-to-analog converters (abbreviated A/D and D/A, re¬ 
spectively) are used to interface between the two circuits. A general system block dia¬ 
gram is shown in Figure III-6. 

The thesis work ([21]) of Captain John Salmon, USMC, included both the analog 
and digital portions of the SMS. This thesis and the experiments within will concentrate 
only on the analog circuit of the SMS, and readers interested in the design of the digital 
portion should consult Salmon’s thesis ([21]) or his technical paper ([15]). 

As previously mentioned, this thesis’s objective was to perform a preflight per¬ 
formance testing and evaluation of the SMS analog circuit design. Detailed discussion of 
the actual circuit design and its operation is presented in Chapter V. First, the next chap¬ 
ter describes the testing facility at NFS. 
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Analog Board Processor Board 



Figure III-6. SMS block diagram (From [21]). 
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IV. NPS SOLAR SIMULATION AND CELL TESTING FACILITY 


The Space Systems Academic Group’s Solar Simulation Laboratory at NPS con¬ 
tains equipment for preflight performance testing of solar cells and the cell-measurement 
circuit. The major component of the Laboratory is the solar simulator and is discussed 
first. Brief descriptions of other lab equipment follow, but readers are encouraged to 
consult [21] and [22] for further descriptions of the experimental setup. This chapter in¬ 
troduces the solar simulation facility and the equipment used in taking the experiment 
control curves, and the following chapter focuses on the operation and testing of the 
measurement circuit that will be used on NPSATl. 

A. SOLAR SIMULATOR 

The Solar Simulation Laboratory has an Optical Radiation Corporation Solar 
Simulator 1000 (Figure IV-1) that uses a xenon arc lamp to provide light close to AMO 
condition. (Recall that AMO condition is the sunlight outside of the Earth’s atmosphere, 
where the spacecraft will orbit.) The simulator outputs collimated light beams onto an 
area of about 8 inches by 8 inches, and it has adjustments to simulate light in AMI, 

AMI .5, and AM2 conditions. It is driven by a regulated power supply with adjustable 
current control, which controls the lamp’s intensity. Light output is controlled by a shut¬ 
ter switch; when it is off, internal mechanisms block the light from shining onto the test 
surface area. 

In the past, one could only hope the solar simulator is performing as expected and 
as specified in its data sheet. It was expected to output a spectrum close to AMO. How¬ 
ever, without a spectrometer, there was no way to measure its actual output spectrum. 

Past students calibrated the simulator by adjusting the intensity of the light so that the Ac 
of a reference cell matched the known AMO Ac for that cell. The intensity of the simula¬ 
tor can be adjusted by changing the current supplied to the simulator, but matching Ac is 
not a complete solution for calibration. Because different materials absorbs only a certain 
region of the light spectrum, matching the Ac for, say, a gallium arsenide cell, does not 
indicate if the spectrum outside of the GaAs effective wavelengths is close to AMO. 
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Figure IV-1. (a) Optical Radiation Corporation Solar Simulator 1000 at 
NFS; (b) Light path inside tbe solar simulator (From [4]). 

1, Solar Simulator Calibration 

A spectrometer was procured to verify the operation of our solar simulator. The 
spectrometer, sometimes called a spectroradiometer, is a radiometric device that detects 
and measures the intensity of a radiant energy. The Ocean Optics HR2000CG-UV-NIR 
High-resolution Miniature Fiber Optic Spectrometer (Figure IV-2a) provides detection in 
the range of 200 nm to 1100 nm. The spectrometer connects to a computer via a Univer¬ 
sal Serial Bus (USB) cable, and software interprets the data from the spectrometer and 
presents it to the user. A fiber optic cable attaches to the spectrometer and is placed un¬ 
der the light source, using a custom-made stand to hold the fiber parallel to the light beam 
(see Figure IV-2b). For our purpose, to handle the intensity of our solar simulator, a 200 
pm fiber was used (a wider fiber is used for lower intensity sources, and vice versa). A 
cosine-corrected fiber optic irradiance probe (Ocean Optics model CC-3-UV) was also 
attached at the receiving end of the fiber. The probe, commonly called a cosine corrector, 
is designed to collect light in a near-180° field of view. It is used so that placing the fiber 
exactly parallel to the light beam is not necessary. It has a Teflon® diffusing material at 
its tip, optimized for wavelengths of 200 nm to 1100 nm. Figure IV-3 shows the cosine 
corrector attached to a fiber optic cable. 
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(a) (b) 

Figure IV-2. (a) Ocean Optics HR2000CG spectrometer; (b) fiber optic 

cable bolder^. 



Figure IV-3. Fiber optic cable with cosine corrector attached at its tip (tbe 
black/wbite item at tbe end of tbe cable). Tbe white element is the Teflon 
diffusing material (From [23]). 


Before the speetrometer’s first use, it must be calibrated using a calibration light 
source. This is required before being able to measure the absolute irradiance of a source 
using the spectrometer. Recalibration should be performed after about 50 hours of use to 
ensure accuracy. 


^ Fiber holder designed by Andrew Miller at the Naval Postgraduate School 
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The Ocean Optics/Micropack DH-2000-CAL Deuterium Tungsten Halogen Cali¬ 
bration Standard (Figure IV-4) is an ultraviolet (UV), visible (VIS), and near-infrared 
(NIR) light source used to calibrate the absolute spectral response of a spectrometer. It 
has two calibration lamps to provide calibration from 200 nm to 1050 nm, which spans 
the UV, visible, and the lower part of the IR spectra. The deuterium lamp is used for 
calibration of wavelengths of 200 nm to 400 nm, while the tungsten halogen lamp is for 
400 nm to 1050 nm. To calibrate the spectrometer, the fiber optic cable is inserted into 
the covered hole on the front of the lamp unit. The DH-2000-CAL is shipped with fac¬ 
tory calibration data to be used in the calibration and measurement software, and the 
lamp itself requires calibration after every 50 hours of use. 



Figure IV-4. Ocean Optics DH-2000-CAL calibration lamp. The metal 
cover toward the lower right is covering the fiber cable insertion hole. 

The software used to calibrate and analyze data from the spectrometer is Ocean 
Optics OOIIrrad-C. The application uses the spectrometer’s calibration setting to inter¬ 
pret the raw data and displays the absolute irradiance of a light source. It also allows the 
user to export the data to a file, permitting the user to open it in a spreadsheet application 
such as Microsoft Excel and create a plot. The OOIIrrad-C displays data in real-time. 
Excerpts from the OOIIrrad-C user’s manual, including instruction on the calibration 
procedure using OOIIrrad-C, are given in Appendix B. The calibration results and the 
solar simulator spectrum are presented in the following sections. 
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2. Spectrometer Calibration 

Without a calibration, the user will only be able to see raw data from the spee- 
trometer in Scope Mode. In this mode, the y-axis is labeled in intensity counts, but it is 
not very meaningful. This eount is relative for eaeh speetrometer, and is different be¬ 
tween one speetrometer and another. Eaeh time a deteetor pixel in the speetrometer gets 
enough photons, it generates a count. The number of counts is related to the number of 
photons falling on the pixel, as well as the response of the deteetor material to that given 
wavelength. (The silieon deteetor response varies by a faetor of 100 times over the entire 
range.) Before the photons reaeh the deteetor, however, they hit a grating, whieh dis¬ 
perses the light. This grating refleetivity also varies with wavelength. When aequiring 
data in seope mode, the speetrum plot shown has been modified in shape by both the 
grating and deteetor, so it might not look anything like the aetual irradianee plot. In order 
to eorrect these effects, it is necessary to measure a referenee souree of known speetrum. 
This is where the DH-2000-CAL is used. 

A calibration curve is produeed after ealibration (see Appendix B for ealibration 
proeedures). This is a graph of the eonversion faetor, used by the program to convert 
“eounts” to a meaningful unit (Watt or Joule). After several attempts in ealibrating the 
speetrometer, it soon beeame apparent that the entire system was suseeptible to noise. 

Tall spikes appeared in the ealibration eurve around the 1000 nm region during ealibra- 
tion and eaused errant irradianee readings. A few attempts at reealibration had lowered 
the noisy spikes, and the best ealibration result was used. Figure IV-5 shows the result of 
a satisfaetory eombined ealibration for both the UV and VIS spectra. 

The top graph in the figure shows the faetory data for the ealibration lamp, whieh 
in this ease is the halogen ealibration lamp. The middle graph shows the result (in 
“eounts”) from the speetrometer after a sean of the ealibration lamp. Using those two 
plots, the ealibration eurve is produeed to show a eonversion faetor for eaeh wavelength. 
Oeean Opties teehnieal support explained that noise is inevitable at the limiting wave¬ 
length regions of the speetrometer, near the 1000 nm range. The deteetor at that point has 
a weak response, and is suseeptible to noise. Therefore, data at the limits of the spee¬ 
trometer should not be taken too literally. 


33 



9: Irradiance Calibration 


File Spectrometer Lamp Windows 

Ocean Optics, Inc. 

Spectrometer Irradiance Calibration 

2/26/2004 Scans to Avg 

Boxcar Smoothing Size 
Norn. Integ. Period 


^Xj 


Spectrometer # 
Lamp # 


HR2B064 


3799001 l_Halogen_C 


Actual Integ. Period 


115 


117 


ms 

ms 



Wavelengths [nm] 

Figure IV-5. The ealibration setting used for finding the spectrum of the 
solar simulator. The calibration curve (bottom graph) converts Counts to 
micro-Joules. The curve shown here is a result of combining the UV and 
Visible spectrum calibration data of the deuterium and halogen lamps. 


What also seemed to have caused problems was the dark scan. The dark scan is 
taken by blocking all light to the spectrometer and taking a scan. This establishes a base¬ 
line reference for the calibration. However, the baseline for the spectrometer seems to 
drift over time. Dark scans taken over two days showed differences. Ocean Optics also 
explained that the spectrometer tends to drift since it is a charge-coupled device (CCD). 
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3, Obtaining the Spectrum of the Simulator 

With the spectrometer correctly calibrated (or to the best ability) for the spectrum 
region in which we are interested, it was ready to take irradiance measurements. The 
simulator should be allowed to warm up (about 15 minutes) to reach stability before tak¬ 
ing any measurements. 

The fiber cable, with the cosine corrector attached on the receiving end, was 
placed under the solar simulator with its tip pointing at the light source using the fiber 
stand. The fiber was placed as closely in the center of the lit area as possible because 
there are slight intensity variations at the outskirts of the illuminated area. A snapshot of 
the spectrum was taken and exported to Microsoft Excel for analysis. A graph of the 
simulator’s measured spectrum plotted with the AMO spectrum is shown in Figure IV-6. 
As mentioned before, the intensity of the simulator can be adjusted by changing the cur¬ 
rent supplied to the simulator. For the simulator spectrum shown in Figure IV-6, the cur¬ 
rent was adjusted to match as closely as possible the irradiance of the simulator to AMO 
in the visible spectrum. The spikes at the higher wavelengths were expected from the 
manufacturer’s data, but the spikes here are higher than expected due to the noise in cali¬ 
bration. 

There is a noticeable drop in the simulator irradiance below the AMO standard be¬ 
tween 700 nm and 800 nm. It is understood that no solar simulator can replicate AMO 
conditions exactly in the entire spectrum, and the spectrometer calibration can drift over 
time. Comparing to the simulator specification data and spectrum, the gap around 700 
nm seems to be normal. This drop is also present in the expected output spectrum given 
by the simulator manufacturer, although not as wide as is shown in this spectrum. With 
what equipment was at hand, the simulator has been adjusted by the current supplied to 
the simulator to the best duplication of AMO as possible. 

Thus with the arrival of the spectrometer, it is now possible to see a close ap¬ 
proximation of the spectrum given by the solar simulator. Whereas in previous research 
the calibration procedure involved using a reference cell’s known Ac at AMO and adjust¬ 
ing the power supply to the simulator to obtain the same Ac on that cell, the ability to take 
the spectrum of the simulator provides a much more accurate and meaningful way to ad¬ 
just and calibrate the simulator to better simulate AMO. 


35 



One important thought to note is that obtaining a good replica of the AMO spec¬ 
trum for the tests performed in this thesis was not necessary. The goal was to compare 
the performance of the SMS circuit against an experiment control (the control will be dis¬ 
cussed in the next section). As long as the solar cell is illuminated by the same spectrum 
of light when taking I-V curves by the SMS and the experiment control, it does not make 
much difference if the spectrum were a perfect AMO. AMO replication is important when 
attempting to gather the expected performance of a solar cell in space, which is not the 
goal here. If in the future the Laboratory needs to perform that task, the simulator will 
have to be adjusted to provide a better approximation of AMO. One possibility is to use 
optical filters on the lamp. 


Solar Simulator vs AMO Spectra 


AMO - Solar Simulator 



Figure IV-6. The spectra of AMO and Solar Simulator. Note the drop in 
irradiance hy the simulator around 700 to 800 nm (AMO data from 

DoE/NREL). 

B. MEASUREMENT EQUIPMENT 

Several other hardware and software work together to trace an I-V curve for a so¬ 
lar cell. While many items were in this system, it is a relatively simple system. The 
hardware description is given here, and tracing an I-V curve using Lab VIEW Virtual In¬ 
struments (software) is discussed in the next section. 


36 


















1, Temperature Control 


The temperature of the solar eell under illumination is eontrolled by a chilled- 
water loop system. The Forma Scientific CFl/P Temperature Control System Bath and 
Circulator Model 2067 acts as the cool-water reservoir, working with the ThermoHaake 
DC-10 temperature control unit to maintain a selected water temperature [22], The two 
devices are shown in Figure IV-7. The water is routed through the solar cell mounting 
plate, acting as a coolant. Because of the intense heat from the lamp, the temperature of 
the coolant needs to be set to several degrees below the desired temperature on the plate. 
The current setup can give a minimum cell mount temperature (while illuminated) of ap¬ 
proximately 18°C to a maximum beyond 40°C, which is sufficient for the our experi¬ 
ment. 



Figure IV-7. The Forma Scientific (left) and ThermoHaake (right) water 
temperature controllers. 


2, Variable Angle Cell Mounting Plate 

The coolant hoses are connected to a custom-made mounting plate that holds the 
solar cell being tested. Taken from the concept of a mounting block used by The Aero- 
space Corporation and implemented by SSAG engineer Ron Phelps and intern Tara 
Holz, this plate is an improved version of the mounting fixture used in previous experi¬ 
ments at SSAG. The new plate, shown in Figure IV-8, allows for the angle of the cell’s 
surface toward the light to be varied, thereby changing the angle of incidence of the 

^ The mounting block concept was brought to NFS by John Nocemo of The Aerospace Corporation on a 
visit to the NFS Solar Simulation Laboratory in June 2003. 

37 







sunlight on the cell. The plate also has new mechanisms for four simultaneous contact 
probes on the top side, versus only one probe in the previous version, thereby reducing 
series wire resistance. The leads from the probes connect to the curve tracer. The holes 
visible on the plate are vacuum holes. A vacuum pump is connected to the plate via a 
hose, to hold the test cell down onto the plate for better contact between the back elec¬ 
trode of the cell and the plate, which is acting as a probe. The location of the holes allow 


for larger size cells to be tested. In Figure IV-9, a 2 cm by 2 cm cell is shown mounted 
on the plate with measurement probes in place on the solar cell conductor bus. Unused 
vacuum holes are covered. 



Figure IV-8. Variable angle cell mounting plate, made in-house at NFS 
(left); Close up of the plate, showing the probes (right) 



Figure IV-9. A test cell is shown here placed on the mounting plate. The 
extra vacuum holes have been covered. 
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3, I-V Curve Tracer - The Experiment Control 

Experiment control curves were taken using the Hewlett-Packard 6626A power 
supply, shown in Figure IV-10. The power supply is capable of supplying power and be¬ 
ing a voltage and current sensor. It can be controlled by computer software through its 
IEEE-488 General Purpose Interface Bus (GPIB). For this experiment, the power supply 
is controlled by a EabVIEW program. 



Figure IV-10. The Hewlett-Packard 6626A power supply. 


The power supply has four channels, and two of them were used for solar cell I-V 
curve measurements. Channels 1 and 2 are connected in series, with Channel 1 acting as 
the sensing probe and Channel 2 set to bias the cell to 4 V. The bias allows the power 
supply to measure accurately small voltage changes on the solar cell. Choosing 4 V was 
arbitrary; other reasonable bias voltage values can be used. In tracing a curve, the soft¬ 
ware directs Channel 1 to set a voltage on the test cell, and then sense the current through 
the cell. This is repeated for each desired voltage increment from a chosen starting volt¬ 
age to the ending voltage. (The determination of the ending voltage, which is the cell’s 
Foe, is discussed in the next section.) The power supply reports the voltage and current 
data back to the computer. Figure IV-11 shows the connections between the power sup¬ 
ply and the solar cell under test. Appendix C provides instructions for the necessary set¬ 
tings to trace an I-V curve using the HP6626A. 

When connecting the solar cell to the power supply, care must be taken with the 
polarities. Reversing the polarity connection can seriously damage the cell with reverse 
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bias voltage. While silicon cells can withstand some reverse bias, the same is not true for 
multi-junction cells. 



Connector Plug 


Figure IV-ll. A diagram of the back of the HP6626A, showing the 
connections to the test cell. The “S” terminals are for sensing. Channels 3 

and 4 are unused. 

Figure IV-12 demonstrates the setup when a test is being conducted, to give the 
reader a sense of how the equipment is used. 



Figure IV-12. The solar simulator setup, with the cell mounting plate 
illuminated. The measurement equipment sits to the right. 
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c. 


TRACING A CONTROL I-V CURVE: USING HP6626A WITH LABVIEW 


As discussed previously, the HP6626A power supply ean be eontrolled via the 
GPIB interface. A Lab VIEW program"^ was written to use the HP6626A to trace an I-V 
curve for a solar eell. First, a discussion about Lab VIEW is necessary to understand the 
funetion of these programs. 

1. LabVIEW 

National Instrument Laboratory Virtual Instrument Engineering Workbench, or 
LabVIEW for short, is a graphical programming environment popularly used in engineer¬ 
ing. It is analogous to traditional text programming languages, but LabVIEW does not 
require much text. LabVIEW relies completely on a graphieal interfaee where nodes are 
wired together, and the program compiles and checks the graphical code in real time. 
These nodes can perform various tasks or calculations (such as arithmetic or Boolean al¬ 
gebra ealeulations). A piece of LabVIEW eode would look similar a complicated block 
diagram or flow chart. In the end, the programmer constructs a user interface to provide 
for data input and output, mueh like instrument panels on typieal laboratory equipment. 
Henee, the written program aets like an instrument and is ealled a Virtual Instrument (or 

VI). 

Often times a VI eontains calls to subVIs. The sub Vis are simply Vis that do 
tasks for the ealling VI, similar to a traditional C++ program ealling on a funetion. In the 
VI that controls the power supply for traeing an I-V curve, a speeifie sub VI is ealled to 
communicate with the HP6626A model. What follows is a description of only the top- 
level VI that performs the task of I-V curve traeing; the lower-level details of GPIB 
communication are omitted. 

2, The HP6626A Virtual Instrument for I-V Curve Tracing 

Figure IV-13 shows the user interface for the main VI to trace the curve using the 
HP6626A. The VI allows the user to input the starting and ending voltage to sweep, and 
a voltage inerement. The starting voltage should be the value to whieh Channel 2 is set 


^ The original author is unknown. The original eode was modified to eorreet an error and improve effi- 
eieney. 
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as the bias voltage. The user will have to input the ending voltage based on the knowl¬ 
edge of the material of the cell under test; it is the cell’s nominal open-circuit voltage Foe 
plus the bias voltage. For example, to trace a silicon cell, the user should enter 4 V as the 
starting voltage, and 4.63 V for the ending voltage, based on silicon solar cells’ nominal 
Foe. The graph preview area shows the collected data points after a trace. 



Figure IV-13. Virtual lustrumeut for HP6626A to trace au /-V curve. 

As the power supply is told to step through the voltages, internal circuitry of the 
power supply senses the current through the cell. The voltage-current data pair is re¬ 
corded in a fde specified by the user, allowing it to be used in Microsoft Excel. Figure 
IV-14 shows the graphical Lab VIEW code behind the main VI. The VI directs the power 
supply to sweep the I-F curve from Ac (0 V) to Foe- While the starting voltage entered 
into the VI is not 0 V - it is the bias voltage - the sweep is starting at OV with respect to 
the solar cell. Because the sweep starts at 0 V and the maximum voltage on the cell can 
only be Foe at 0 A (going lower, or negative, in current would require a higher voltage 
than Foe, which is impossible), there is no danger of reverse biasing the cell, provided that 
the connections from the HP6626A to the cell is proper. 
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Figure IV-14. The Lab VIEW graphical code for the HP6626A main VI to 

trace an I-V curve. 


This VI is only used with the HP6626A power supply to trace an I-V curve. The 
HP6626A serves as the control in the experiment. Recall that the goal is for the I-V 
curves taken by the experimental measurement circuit to match closely to the curves ob¬ 
tained by the HP6626A in various environments. 

The NPS Solar Simulation Laboratory contains all the necessary equipment to test 
solar cells. The solar simulator provides a near-AMO illumination for the cells, and the 
HP6626A measures the cell output performance. It is, however, impractical to launch the 
measurement equipment, such as the HP6626A, with the satellite to measure the experi¬ 
mental cells in space. The next chapter introduces the design and testing of the cell 
measurement circuit to be used on NPSATl. 
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V. THE SMS ANALOG SUBSYSTEM, TESTING, AND RESULTS 


We return to the Solar-Cell Measurement System (SMS) in this chapter to exam¬ 
ine the analog circuit in the analog subsystem. The system is discussed in detail here, in¬ 
cluding the operation of the analog circuit. The test platform is then presented, and a 
more detailed description of the tests and procedures is discussed. The results of the tests 
are analyzed in the final part of the chapter. 

A, THE SOLAR-CELL MEASUREMENT SYSTEM - THE ANALOG 

SUBSYSTEM 

1. Origins 

The idea of developing a solar cell measuring circuit came out of the need of a 
simple and portable method to do so in space. While it is easy to trace a curve on the 
ground using a device similar to our HP6626A power supply, it is more challenging to do 
it in space. 

The origins of the concept for the SMS date back to the mid-1980s. In 1986 at 
NPS, LT Robert Callaway, USN, and Professor Sherif Michael developed a novel circuit 
to trace the I-V curve of a solar cell [1]. In his thesis, Callaway controlled the circuit by 
using a simple digital system where it stepped through the current while measuring the 
voltage. The Callaway circuit is shown in Figure V-1. 



Figure V-1. The Callaway current-sink circuit (From [1]). 

The Callaway circuit is set up to be a current sink; the transistor and other com¬ 
ponents pull a current through the solar cell. The op amp is configured to be a voltage 
follower or a buffer, placing V\n at the base of the transistor. If we assume the common- 
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emitter current gain fi is large, the current through the cell (labeled he in the figure) is re¬ 
lated to Fin by 


F -F 

( 5 . 1 ) 

where Vbe is the base-emitter voltage for the transistor [1], Therefore, the user can set a 
desired current through the solar cell, and measure the voltage across the cell using, for 
example, a voltmeter. This is repeated by stepping through the current until getting to he 
and the I-V curve is completed. 

Michael later improved the circuit by using feedback to control the current. The 
Michael circuit, with minor updates in device technology, serves as the basis for the 
SMS. 


2. Operation of the SMS Analog Circuit 

The SMS analog circuit, an update of the Michael circuit by Phelps and Salmon 
[15], is shown in Figure V-2. The circuit is only for measuring one solar cell. Recall 
from earlier descriptions that the mission will have 24 cells set aside for curve tracing. 
Therefore, the complete analog subsystem will contain 24 of these circuits, one for each 
solar cell under test. 


5 V 



Figure V-2. SMS analog circuit for one solar cell under test. 
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The circuit uses an n-channel MOSFET (also called an NMOS transistor) with a 
feedback loop. It is also a current sink and works similarly to the Callaway circuit. An 
input voltage, Vset, is set on the non-inverting terminal of the OP497 op amp on the left in 
Figure V-2. Setting a voltage Fset pulls a current of Vg^t/J^s through the solar cell. The 
initial (small) difference in voltage between the terminals is highly amplified and placed 
on the gate of the NMOS transistor. The voltage difference between the gate and the 
source of the NMOS will be greater than the threshold voltage, turning on the transistor. 
A current starts to flow through the cell, the NMOS, and the resistor until the desired 
value of Vset/J^s- The feedback loop ensures the flow of the desired current. An instru¬ 
mentation amplifier (AD620B), with very high input impedance (on the order of giga- 
Ohms), is used to measure the voltage across the solar cell. With its gain set to unity, the 
output of the AD620B is simply the difference in voltage between the input terminals, 
which is the voltage across the solar cell. 

A diode is placed across the solar cell as a measure of protection against reverse 
bias. In the unintentional case that more current is driven through the solar cell than the 
cell’s /sc, a negative voltage will appear across the cell, reverse biasing the cell. In such 
case, because the polarity of the diode is connected opposite of the cell, the protection di¬ 
ode turns on when a large enough negative voltage appears across the solar cell and pre¬ 
vents a build-up of the negative voltage. Reverse bias can cause irreparable damage on 
multi-junction solar cells. 

3, Integration of the Analog and Digital Subsystems 

Ron Phelps and Capt John Salmon, USMC, began work on the SMS design to in¬ 
clude the Michael circuit and a digital controller. The design process is described in [15] 
and [21]. In addition to the analog subsystem, the SMS also contains a digital subsystem. 
The digital subsystem is the system controller. It sets the voltage on the analog-circuit 
input to drive a desired current through the cell. It also takes the output of the analog cir¬ 
cuit, and stores it into memory. Figure V-3 shows a simplified diagram of the analog cir¬ 
cuit with the digital controller. The diagram shows the concept for one cell being 
measured. In comparison to the test setup in the Solar Simulation Fab, the digital system 
is like that of the computer and FabVIFW VI controlling the HP6626A power supply. 
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Figure V-3. Simplified block diagram of the analog current-sink circuit 
with the controller for one solar cell, with the analog subsystem on the left 
and the digital controller on the right. 

As seen in Figure V-3, the input to the analog subsystem (left side of the figure) is 
fed from the digital controller through a multiplexer (MUX). The output of the analog 
circuit, which is the voltage across the solar cell, is fed through another MUX to the digi¬ 
tal controller for processing and storage. On the actual SMS on the satellite, as shown in 
a simplified diagram in Figure III-6, 24 analog circuits will be connected to one digital 
controller via the MUXes. The MUXes will choose from the 24 analog circuits and cells. 

The design of the digital controller is also described in detail in [15] and [21]. It 
is, however, still under development. Once the design and implementation is complete, it 
will undergo thorough testing with the analog circuit, at which time we will have a com¬ 
plete and independent curve-tracer for one solar cell. From that, completing the entire 
SMS will only require 23 more analog circuits and MUXes to support all the analog cir¬ 
cuits. 

B, TEST PLATFORM FOR THE ANALOG CIRCUIT 

1. Circuit Prototype - The Coupon Driver Board (CDB) 

To test the SMS analog circuit, the circuit was put onto a printed circuit board 
(PCB), designed by Ron Phelps and John Salmon and shown in Figure V-4. This proto¬ 
type, often referred to by the SSAG engineers as the Coupon Driver Board (or CDB), ac- 
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tually contains four analog circuits to use with the four-cell coupon (of experimental tri¬ 
ple-junction cells) provided by Boeing Spectrolab, hence the name “Coupon” Driver 
Board. Each circuit on the board is referred to as a channel. It is not required that there 
be four cells connected to the channels at one time; just one channel can be used to test a 
single cell. The channels are wired to multiplexers (MUX), allowing the digital control¬ 
ler to select the desired channel for tracing a curve. There is one MUX for the input line 
and one MUX for the output line from the analog circuit. Draper provides an excellent 
detailed description of the prototype board components and connections in [22]. 



Figure V-4. The Coupon Driver Board (CDB), version 2. The connectors 
can he seen at the left and right edges of the hoard. 

In addition to the curve-tracing circuit, the CDB contains interface electronics for 
thermistors, based on the circuit used on PANS AT. They were implemented to be able to 
sense the temperature of the solar cells under test. However, at the current time, the 
thermistors are not used and will be tested further later. The board also contains circuitry 
to read the voltage from the sun-angle sensors and report the angle of the light illuminat¬ 
ing the sensor. These will be used on the satellite as a verification of the curves obtained 
by the SMS in orbit. Testing for those devices will also begin at a later date. Four con¬ 
nectors are mounted on the board to interface the circuit with a power supply, the cells, 
sun-angle sensors, and the controller. The pin assignments for each connector are de¬ 
scribed in detail by Draper [22]. 
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The CDB has gone through two revisions. The first version eontained non- 
preeision resistors and used differential amplifiers to measure the voltage aeross the eell. 
Salmon found that the error of the measurement was too great than the initially allowed 
margins. Testing found that the errors were due to losses at the input of the differential 
amplifier and the inaecuraeies of the non-preeision resistors. The cireuit was revised to 
utilize high-preeision resistors and instrumentation amplifiers beeause of its high input 
impedance [15]. The schematic of the circuit and the PCB layout for the second version 
CDB are included in Appendix D. 

2, Controlling the CDB Using Lab VIEW 

Because the digital subsystem of the SMS is still under development, there 
needed to be a temporary method to control the analog circuit for testing. SSAG intern 
Tara Holz worked on a Lab VIEW VI to perform the duties of the digital controller and 
was able to complete it in part. Draper describes the partially completed program in de¬ 
tail in [22]. For explanation purposes, the VI associated with the CDB will be called the 
CDB VI. The program at the time was able to control only one of the channels on the 
CDB. The CDB is interfaced with a laptop via a data acquisition card, the National In¬ 
strument DAQCard-1200, shown in Figure V-5. 

Since the SMS analog circuit is current-controlled - where a chosen current is 
pulled from the cell to measure the cell voltage - the CDB VI allows the user to input a 
starting and ending current to sweep. The user also enters a current increment and the re¬ 
sistance connected to the source of the NMOS. The resistance is used to set the proper 
voltage at the input to the circuit. The voltage V set at the input of the circuit with resis¬ 
tance R for a desired current / is simply V = IR. 

The CDB VI performs nine steps in tracing an I-V curve [22]. The VI is broken 
into nine frames that run sequentially from beginning to end, analogous to a film reel for 
a motion picture. The actions of the frames are summarized in Table V-1. Draper pro¬ 
vides further description of the VI code that performs these actions. 
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Figure V-5. The data acqusition card (top) inserted into the laptop's 
PCMCIA port (hottom). 


Frame 0 

Input the initial voltage to the CDB via the data acquisition card (DAQ card). 

Frame 1 

Set proper MUX line address to use the thermistor circuit^. 

Frame 2 

Enable the input and output MUXes. 

Frame 3 

Take initial temperature reading, converting the thermistor voltage into temperature 

Frame 4 

Re-address the MUX to select the desired circuit to trace a curve. 

Frame 5 

Trace the /- V curve by stepping through the current. 

Frame 6 

Same as Frame 1, selecting the same MUX address in preparation to measure final 
temperature. 

Frame 7 

Same as Frame 3, reads the final cell temperature. 

Frame 8 

Deactivate all channels and circuits, and bleed off any voltages to avoid damage. 


Table V-1. Summary of steps taking hy the CDB VI to trace an I-V curve. 


^ Currently the thermistors are not used, but in the future this step can provide the cell temperature at the 
start of I-V curve tracing. 
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To trace I-V curves using the three other channels of the CDB, the VI needed to 
be able to select the other channels via the MUX on the board. The VI was modified to 
add code using the frames above for the other three channels, and the MUX selection ad¬ 
dresses were set to select the proper lines. The completed VI code, along with a screen- 
shot of the user interface, is included in Appendix E. The MUX addresses for selecting 
any of the four circuits are shown in Table V-2. The addresses for selecting the thermis¬ 
tor and sun-angle sensor circuits have been ignored here. 


Channel 

MUX Select Lines 

A2 A1 AO 

Circuit 1 

1 

0 

0 

Circuit 2 

1 

0 

1 

Circuit 3 

1 

1 

0 

Circuit 4 

1 

1 

1 


Table V-2. Logic table for MUX select lines. AO is tbe least significant bit. 


C. TESTS PERFORMED AND RESULTS 

This section describes the testing of the SMS analog circuit, the focus of this the¬ 
sis. To describe the performance of the circuit, we compare the curves produced by the 
circuit (using the CDB with the CDB VI) to the curves produced by the HP6626A. The 
following tests were performed on the circuit: 

• Tracing I-V curves using all four channels on the same cell to ensure all four 
channels output the same results. 

• Varying the temperature of the CDB electronics and to observe any differences in 
the output from that taken under room temperature. 

• Varying the solar cell temperature and taking I-V curves using the CDB and 
HP6626A to compare the CDB and HP6626A outputs at each temperature. 

• Varying the light incidence angle on the cell and taking curves using the CDB and 
HP6626A to compare the CDB and HP6626A outputs at each angle. 

The tests are described in detail in the following subsections. Some of the plots 
are presented in the subsections to illustrate the analog circuit’s performance. The com¬ 
plete set of results is included in Appendix F. 
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All of the tests traeed I-V eurves on the XTJ eells and on a oommereially- 
available triple-junetion eell - the Improved Triple Junetion (ITJ) eells^ - by Speetrolab. 
This was done to demonstrate that the eireuit is able to work with different cell technolo¬ 
gies and to show the result was not dependent on the technology. The XTJ cell size was 
1.64 cm by 1.64 cm, while the ITJ cells were 2 cm by 2 cm. The I-V curves taken here 
will not match the manufacturer’s data sheets because the NFS solar simulator does not 
replicate AMO exactly. All of the plots are averaged from five runs. 

1. Light Incidence Angle Test and Initial Problems 

The first test that was performed and results first obtained was the light incidence 
angle test, and the results are presented here first. The test aims to observe the character¬ 
istics of the solar cells when subjected to light at various angles and to observe whether 
the test circuit (the CDB) can measure the light incidence angle effect accurately. 

In this test, the cells were placed on the cell mounting plate tilted at four different 
angles. The angles were chosen at arbitrary intervals, mostly done for the convenience of 
the setup. We are only interested in comparing the CDB output with the HP6626A out¬ 
put. The actual angle used is not important as long as the outputs compared are from the 
same angle. The cells were kept at 28 ± 1°C, and the CDB was at room temperature. 

Figure V-6 shows the “family of curves” for an ITJ cell for four different light in¬ 
cidence angles. The plots are a bit troubling because of the noise seen at the knee. The 
problem with the noise was apparent when attempting to take the curves using the CDB 
VI. The CDB VI steps through the current from 0 mA to Ac while recording the cell volt¬ 
age. Most of the plots obtained had large drops in voltage at currents just below Ac, re¬ 
sulting in wiggly plots. These were caused mostly by the noise in the output of the DAQ 
card. As the DAQ card outputs a voltage to the analog current-sink circuit to set a de¬ 
sired current, noise is added on top of that voltage, resulting in a higher voltage than de¬ 
sired. For example, when the trace nears about (Ac - 0.3) mA, the desired sink current is 
(/sc - 0.3) mA. However, the voltage from the DAQ, at the input of the op amp in the cir¬ 
cuit, will sink a slightly higher current due to the unintended noise that resulted in a 
higher set voltage. Because the trace is at the knee, a slight rise in the sink current will 

^ Specifications can be found on Boeing Speetrolab’s product page at 
http ://www. speetrolab. com/prd/space/cell-main, asp 
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cause a large voltage drop. Therefore, the intended current of (/sc - 0.3) mA is actually 
paired with a voltage for, say, (Ac - 0.1) mA, whose voltage is lower than the voltage for 
(/sc - 0.3) mA. This results in curves with false data points that cause the wild horizontal 
zigzags at the knee. The output of the DAQ was probed with an oscilloscope, and the 
noise was measured to have a peak-to-peak of voltage of about 200 mV. 

Response vs. Light Incidence Angle as Measured by CDB 
2.0 X 2.0 cm Commercial TJ Cells 



Figure V-6. I-V curves of au ITJ cell for various iucideuce augles, takeu by 

CDB, cell at 28°C. 

The plot shown above does not show the horizontal zigzags because they have 
been averaged by voltage. The raw data from the CDB VI are indexed by the current be¬ 
ing pulled. One way of averaging would be to take the eurrent as the index and average 
all the voltages obtained in the five runs. Here, however, the voltages are used as the in¬ 
dex, while averaging the eurrents with that partieular voltage. This is how the HP6626A 
data is handled, since the HP6626A VI sets a cell voltage and measures the eurrent; the 
data is indexed by voltage, and the eurrents are averaged. Thus, the curves in Figure V-6 
show slight vertieal zigzags after being treated. 

Although the zigzags are now small, they are still a eoneem. The short-eircuit 
currents measured by the CDB are not reliable. Beeause the curve is so fiat at the top, 
any slight inerease of eurrent in that region will eause a large voltage drop. Therefore, 


54 












the cell is very sensitive at this area. This is a drawback of a current-controlled /- V 
tracer. 

To show a smoother curve more representative of the cell’s performance, smooth¬ 
ing was applied on the data, where it considers the averages of neighboring data points. 
The result of this processing done on the same data of Figure V-6 is shown in Figure V-7. 
The vertical zigzags have mostly been eliminated. The remainder of the results presented 
will have gone through smoothing, but it is important to keep in mind the noise from the 
DAQ still exists. 

Response vs. Light Incidence Angle as Measured by CDS 

2.0 X 2.0 cm Commercial TJ Cells 



Figure V-7. Family of curves for various light iucideuce augles takeu by the 
CDB, after beiug smoothed. 

Figure V-8 shows a comparison of the curves taken by the CDB and the 
HP6626A, the control measurement. The figure shows the curve for a 45° light incidence 
angle as an example (comparison of other angles are given in Appendix F). The CDB 
matches the HP6626A very well for voltages to the right of the knee, but the CDB’s /sc is 
lower than expected. Many of the tests resulted in a lower I^c for the curve by the CDB 
than the expected value taken by the FiP6626A. The speculation is that the sensitivity of 
the cell and circuit, and the noise from the DAQ card, is causing much of the problem. 
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CDB vs. HP6626A at 45° Light Incidence Angle 

2 X 2 cm Commorical TJ Cells 



Figure V-8. CDB's output against HP6626A's output for a 45° incidence 
angle for ITJ cell. Both curves have been smoothed. 


To confirm that the DAQ is part of the cause of the problem, the CDB was dis¬ 
connected from the DAQ, and it was connected to a regular variable power supply. The 
power supply output was confirmed with an oscilloscope to be sufficiently clean with a 
peak-to-peak voltage of less than 20 mV. Using the power supply to set the input voltage 
for a desired sink current, the data points were recorded manually, and the plot is shown 
in Figure V-9. When the trace neared the top of the knee, the voltage reading became a 
bit erratic because of the sensitivity. The slope seen at the top of the curve is not an accu¬ 
rate representation of the cell’s I-V characteristics. While attempting to take data points 
at that region, the voltage fluetuated, and the best approximation of the eurrent and volt¬ 
age was reeorded. However, the readings on the voltmeter and oscilloscope showed that 
I-V curve tracing by hand using a variable power supply resulted in less noisy data. 

Returning to the results and analyzing the incidence angle tests, the short-circuit 
currents by both the CDB and HP6626A for angles less than 60° do tend to follow the 
predicted decrease. The anticipated Ac for an angle 6 from the normal is cos 6 for an¬ 
gles less than 60° from the normal. The plots in Figure V-7 do show that trend. At 60°, 
the effects of refraction and reflection at the surface of the cell become substantial caus¬ 
ing the current to decrease further and no longer follow cos 6. 
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Comparison of TJ Response by Two Measurement Methods 



Figure V-9. A comparison of a manual sweep using the CDB (solid line) 
versus the HP6626A (dotted line). 

The remaining tests and their results exhibit similar noise problems, but all the 
eurves have been smoothed. Attempts ean be made to eliminate the noise at the DAQ 
eard, but sinee the SMS digital subsystem will eontrol the analog eireuit and be less noisy 
than the DAQ eard, the problem with noise is not expeeted to be as severe when the two 
subsystems are integrated. 

2. Heating the CDB and its Electronics 

Because the temperature varies dramatically in outer space, there is concern for 
the effect of temperature on the operation of the SMS. The SMS will operate only while 
the satellite is in a sun-soaked region and will be off when in eclipse. The temperature of 
the satellite will vary widely from coming out of eclipse to going into eclipse. Thermal 
analysis show that the upper temperature limit for the SMS, with uncertainties consid¬ 
ered, is 15°C and the lower limit is around -15°C [24, 25]. 

In this test, the CDB is placed under a hot halogen lamp shining onto the board. 
The temperature on the board is raised to 43 ± 2°C, assuming a far worse case than the 
predicted upper limit of temperature. Doing so can still show if the electronics are af¬ 
fected by temperature. The heated CDB will take curves of the solar cell kept at 28 ± 

1°C. The “heated curves” will be compared to the curve taken by the CDB of the same 
cell while both were kept at 28 ± 1°C. 
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Figure V-10 shows the result of the test. It appears that the heat on the electronics 
does not substantially affect the measurement. The DAQCard noise caused slight differ¬ 
ences in the results. The short-circuit currents are close to each other, and both curves 
follow one another fairly well. 


CDB Temperature Comparison 

2 X 2 cm Commerical TJ Calls 



Vollaga (V) 

Figure V-10. Smoothed result of a heated CDB versus au uuheated CDB, 
with ITJ cell at room temperature. 

CDB Temperature Comparison 

1.64 X 1.64 cm XTJ Cells 



Vollaga (V) 

Figure V-11. Smoothed results of a heated CDB versus au uuheated CDB, 
with XTJ cell at room temperature. 
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For future tests, if the equipment ean be set up, the eireuit should be subjeeted to a 
eold temperature like that expeeted in orbit and the effeets measured. However, from this 
warm temperature test, it appears that the relatively small temperature differenees might 
not make mueh differenee. 

3. Cell Temperature Variation 

As with the discussion in the previous subsection regarding the temperature of the 
satellite and the electronics on orbit, the cells will be subjected to the widest variation in 
temperatures. The performance of the solar cells will be affected, as discussed in Chapter 
II. Thermal analysis show that the operating temperature for the cells in orbit will range 
from -15°C to 35°C. Recall from the discussion on solar cell physics that the open- 
circuit voltage varies with temperature by an amount dependent on the material of the so¬ 
lar cell. We expect to measure the temperature effects in the I-V curves. This test should 
demonstrate the CDB being able to take accurate data for a range of cell temperatures. 

The cells are mounted on the angle plate and the temperature was set by the 
chilled-water loop to one of three temperatures: 18°C, 28°C, and 38°C. For the triple¬ 
junction cells, the expected effects will be mostly on the voltage; Foe will change by 
about -6 mV/°C. Any change in Ac should be very small and inconsequential for the test 
temperature range. 

Figure V-12 shows the family of curves for the three temperatures for an ITJ cell, 
taken by the CDB. Looking at the changes in Foe, the theory of-6 mV/°C holds. The 
data taken by the CDB reflects well with the calculation. 

As an example, the 18°C curves by the CDB and HP6626A are used here for a 
comparison, shown in Figure V-13. Again, for the voltages to the right of the knee, the 
curves match fairly well. At the knee, the noise on the CDB is apparent. To the left of 
the knee, the CDB’s he again falls below the current measured by the HP6626A. 
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Cell IV Response vs.Temperature 

2 x 2 cm Commcrical TJ Celts 



Voltage (V) 


Figure V-12. Effects of temperature ou ITJ cell as measured by the CDB. 
Curves have beeu smoothed. 


CDB vs. HP6626A Comparison 

2.0 X 2.0 cm Commercial TJ Cells 



Voltage (V) 

Figure V-13. Comparisou of the CDB aud HP6626A for variatiou ou cell 
temperature, ITJ cell at 18°C, curves smoothed. 

4, Comparing the Four Channels on the CDB 

This test simply activates the four circuits on the CDB, one at a time, to trace I-V 
curves of the same cell, under the same condition. Since the four circuits are identical, 
identical outputs are expected. Moreover, since the circuits are connected together via a 
MUX, one circuit should not affect another circuit’s operation. 
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The result of the test is shown in Figure V-14. From the figure, one ean see the 
four channels performed identically, with plots essentially sitting on top of each other. 
There are slight variations on the /sc likely due to noise and sensitivity, but the differences 
are very small. 


CDB Channel Comparison 

1,64 X 1,64 cm TJ Cells 



Voltage (V) 


Figure V-14. Comparison of performance by the four channels on the 

CDB. 

The tests described in this chapter were meant to validate the design of the analog 
circuitry of the Solar-Cell Measurement System onboard NPSATl. Temperature, sun 
angle, and performance repeatability were considered during testing. The tests revealed 
some potential problems with the concept of current-controlled tracing and the circuit’s 
sensitivity to noise. The next and final chapter summarizes the issues that remain and 
discusses the recommendations to resolve them. 
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VI. CONCLUSION 


The objective of this thesis project was to thoroughly test the analog current-sink 
circuit in the SMS onboard NPSATl and recommend any necessary changes or note any 
design flaws on the circuit. The tests are obviously vital prior to the launch of the space¬ 
craft to verily the proper operation of the circuit. The tests performed were meant to 
simulate the conditions expected in space for the solar cells. Temperature and sunlight 
incidence-angle changes were incorporated. 

Originally, the performance criterion for the SMS analog circuit was to be within 
2% of the control curve taken by the HP6626A. After running the tests and gathering 
current-voltage data, it became apparent that noise was plaguing the experiment. The 
source of the problem appeared to lie with the data acquisition card used to interface the 
CDB with the computer. As observed on an oscilloscope, the DAQ card’s output to the 
analog circuit had a noise level of about 200 mV peak-to-peak. This noise caused the I-V 
curves to zigzag slightly near the Foe region, and to zigzag wildly near the “knee” of the 
curve. This was confirmed after probing the line with an oscilloscope and noticing the 
noise on the display during the sweep. In addition, to ensure the circuit was not at fault, a 
clean variable power supply was used to set the input voltage for the analog circuit, and a 
voltmeter used to measure the cell voltage, while recording by hand the current and volt¬ 
age pairs. The result of this manual sweep was a cleaner curve, although it revealed the 
high sensitivity at the top of the knee to very minute current variations. 

For a more accurate representation in the I-V curves, the data sets were smoothed. 
The smoothing takes into consideration neighboring points in calculating the average. 

The result was a smoother curve to better represent the cell’s performance, although the 
noise from the DAQ is still causing some errors. 

Despite the problem with the noise at the input, it is still appropriate to conclude 
that the analog circuit is functioning as intended. It was able to match the control curve 
very well when the voltage is to the right of the knee. At the knee, the noise at the input 
dominated and one can see the fluctuations in the curve. For most of the tests, the region 
of the curve from the knee to /sc was not very accurate. This is, however, most likely due 
to the noise combined with the sensitivity of the cell. Another suspicion for the cause lies 
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with the fact that the circuit is designed as a current-controlled configuration, and that 
might not be favorable with I-V curves (since I-V curves are so flat at the top). A conclu¬ 
sion cannot be stated until a digital subsystem prototype of the SMS is completed and 
connected to the CDB for testing. The digital subsystem is expected to be substantially 
less noisy. 

If, after testing the analog circuit with the completed digital subsystem, the data 
still falls short of achieving the 2% error margin goal, a recommendation would be to in¬ 
vestigate a new design where the voltage of the cell is set and then measure the current 
flowing out of the cell. This concept would be similar to how the HP6626A operates. 

The proposed design would thus be a voltage-controlled concept. This design appears to 
be more advantageous because it would solve the problem of the sensitivity at the top of 
the curve. The proposed circuit would sweep from 0 V to Foe by stepping through the 
voltage. When tracing the curve this way, there will not be a part of the curve that is as 
sensitive to slight voltage variations as it was with the current-controlled SMS analog cir¬ 
cuit (at the top of the knee). However, the actual circuit may not be trivial. The main 
question that arises is what circuit element and configuration would one use to fix a volt¬ 
age across the cell? 

Future work on the SMS includes the completion and testing of the design of the 
digital subsystem and the testing of the thermistor and sun-angle sensor circuits. The 
digital subsystem design was started by Salmon. The completion of the system is impor¬ 
tant to finding out if the analog circuit can produce accurate data in the absence of noise. 

A summary of the work described in this thesis was published in a conference 
technical paper at the 22"‘* AIAA International Communications Satellite Systems Con¬ 
ference and Exhibit in May 2004. Interested readers may refer to [26]. 
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APPENDIX A. UNITS AND NUMERICAL QUANTITIES 


CONSTANTS 

q electronic charge = 1.602x10 coulomb 

mo electron rest mass = 9.108x10^^' kg 

c speed of light in vacuum = 2.998x10* m/s 

h Planck’s constant = 6.625xlO^^"* J• s 

= 4.14x10eV-s 

k Boltzmann’s constant =1.381x10^^^ J/K 

= 8.618x10^' eV/K 

Vt thermal voltage = kTjq = 25.86 mV (at 300 K) 
2o wavelength of 1-eV photon in vacuum = 1.24 pm 

PREFIXES 

giga (G)= 10*^ 
mega (M) =10^ 
kilo (k) = 10^ 
milli (m) = 10'^ 
micro (p) = 10'^ 
nano (n) = 10'^ 
pico (p) = 10“'^ 


CONVERSION FACTORS 

J =1.602x10eV 
K =273 + °C 

°C = -^(°F-32) 
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APPENDIX B. SPECTROMETER CALIBRATION PROCEDURE 
AND OOIIRRAD SOFTWARE USER MANUAL 


This Appendix contains relevant excerpts from the user guide for the OOIIrrad-C 
application. It contains a step-by-step instruction for calibrating the spectrometer. The 
user’s manual material is reproduced with the consent of Moshe Daniel of Ocean Optics, 
Inc. The manual is a beta version, and final release has not yet been determined. Readers 
are advised to visit Ocean Optics’ website for the newest information. 

The manual mentions a different model of calibration lamp than what is in the 
SSAG laboratory, and users should simply use the DH-2000-CAL lamp in place of the 
other model mentioned. Lamp files mentioned are named similarly to the DH-2000-CAL 
deuterium and halogen lamp fdes. These fdes were supplied on a diskette provided by 
the manufacturer and have also been copied into the installation directory for OOIIrrad. 

The installation directory also contains important calibration files (these are with 
the file extension *.cal). These files contain the calibration settings, and can be chosen to 
be used as the current setting. 


Excerpt from OOIIrrad2 software ver. 2.05.00 PR 10 
Reproduced with permission. 

What is Irradiance calibration and why do we need it? 

Irradiance is the “amount” of light present on a particular area. In our case, this area could be the 
fiber’s cross-section at its tip, cosine corrector’s surface or it could be the integrating sphere’s sur¬ 
face which, measures the total optical output of a light source inserted into the integrating sphere. 

A CCD based spectrometer is an instrument that breaks the light into its components using a 
grating, like a rainbow on a rainy day, and then measures the intensity at different wavelengths 
using a CCD. 

Different gratings are available for use in different systems. These gratings have different effi¬ 
ciencies. Here are few of the common gratings used. 
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600 Lines/mm Gratings 



200 400 600 800 1000 1200 
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Wavelength (nm) 


These curves tell us what will the typical scans look like, when an ideal light of even intensities 
across the spectrum, split into it’s wavelength components using these gratings. In addition to 
grating efficiency curves, there is also an issue with CCD’s sensitivity to different wavelengths. 
Here is a typical CCD sensitivity curve. 


Spectral sensittvity (Typ.) (Ta = 25°C) 



Waveler»gth (nm) 


These variations in efficiencies and sensitivities indicate that most systems are different from 
each other. In most measurements like absorbance, transmittance and reflectance, the absolute 
response is not crucial because the nature of those measurements is based on relative meas¬ 
urements of the light with and without a sample. A reference measurement without the sample is 
taken and compared with a measurement with the sample. With irradiance measurements, this is 
not possible because there is no sample we can remove for a reference measurement. There is 
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need for a way to create a conversion from raw readings (counts) into real life measurements like 
Joules and Watts. This conversion factor (Calibration) is created by OOlIrrad application. 


Absolute irradiance measurements can be achieved using a light source (calibration lamp) with 
known spectral output (microwatts per square centimeters per nanometer). 

The known spectral output specifies the power at some distance from lamp. After placing the 
sensing area (fiber tip, CCS cosine corrector etc.) at this distance from lamp, the application cre¬ 
ates a conversion factor, for each pixel, knowing the lamp’s output intensity and actual spec¬ 
trometer reading from light detected (counts). These calibration results are specific to the optical 
configuration (from spectrometer up to sensing area) used during calibration. This is why Ocean 
Optics cannot create a calibration for all units shipped. It depends on end-user’s system configu¬ 
ration. For example, if a different slit is installed in spectrometer or a different fiber used to collect 
light, a new calibration is needed. 

Relative irradiance measurements can be achieved using a light source that has a known spec¬ 
trum but in shape only, not in power units. This known shape is defined for many lamps as “Color 
Temperature”. When a reference spectrum is stored for a lamp with a known CT, the application 
calculates the theoretical spectrum, which corresponds to the CT and creates an internal conver¬ 
sion (calibration) to compensate for the spectrometer’s efficiency and sensitivity issues. The re¬ 
sult of a relative irradiance measurement is a correct spectrum (in shape) on a scale of “0” to “1”. 


Quick Start 

1. Install the application from Ocean Optics’ ‘Software and Technical Resource’ CD, Ocean 
Optics’ website or directly from installation files received from Ocean Optics. Default in¬ 
stallation path and options will work fine for most users. 

2. Start the application from the “Start” button. If you chose to keep default installation val¬ 
ues, it will be installed in “C:\Program Files\Ocean Optics\OOIIrrad2beta” and accessed 
via the ‘Start | Programs |Ocean Optics | OOIIrrad2beta’ menu item. 

3. Configure hardware parameters for spectrometer type and A/D options with the ‘Config¬ 
ure I Hardware’ pull-down menu. 

4. Configure spectrometer parameters with the ‘Configure | Spectrometer’ pull-down menu. 
There are few tabs: 

a. Channels tab allows you to activate and enter wavelength calibration coefficients 
for each channel. Verify ‘Light source inside integrating sphere’ is checked only 
if you do have an integrating sphere and use the LS1-CAL-INT calibrated light 
source. ‘Fiber diameter’ defines light collection area: enter ‘3900’ for CC3, ‘7140’ 
for CC3-DA or bare fiber’s diameter in microns. ‘Steradians for Candelas’ is the 
optic’s solid angle used for calculating Candelas only (when activated). ‘Color 
Temperature’ is a reference lamp’s known color temperature used for relative ir¬ 
radiance calibration. Click on ‘Channel Color’ box to choose channel’s color. 

b. Log/Chart tab lets you choose file name and path for full-spectrum ‘Save’ action 
or calculated values’ ‘Log’ action. There is an option to add an index number 
when automatic saving or logging is enabled. Time chart will display the calcu¬ 
lated values on a time based strip chart. 

c. Timing tab has check boxes to activate a preset duration for ‘experiments’ or 
preset sampling interval. 

d. General tab has few options. External trigger allows you to choose between ex¬ 
ternal software or hardware triggers. External triggering feature depends on the 
particular hardware you have. You will find more information in your spectrome¬ 
ter’s documentation. ‘Limit display range’ allows truncating the graph and dis¬ 
playing graph between two wavelengths. The mini scope window is a scope 
mode spectrum display that could become visible in non-scope modes to keep 
you informed about the spectrometer’s raw data. You should watch it for satura¬ 
tion and low signal conditions. This application warns you, when mini scope win- 
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dow is not displayed, of raw spectrum saturation. You can choose to activate a 
‘Do not warn me about saturation’ option. This is especially useful when range of 
interest is only partial to the spectrometer’s full range and you wish to set the in¬ 
tegration period so signal is good in the range of interest. Pixel Rotation number 
will allow you to activate/deactivate scanning more than one spectrometer chan¬ 
nel during each of the integration periods. Any value more than “0” means that 
Pixel Rotation is active with the number specified plus “1” first channels. For ex¬ 
ample, if you specify “3” it means that Pixel Rotation is ON and every integration 
period will result in a scan for the first four channels: Master, Slavel, Slave2 and 
Slaves. To deactivate this mode enter “0”. This can be used only with an 
ADC1000 or ADC2000 AID cards. Using this tab you can also choose the color 
assigned to overlaid curves in the graph. 

e. Peaks Measurements tab lets you choose the values for peak analysis. You 
can specify how you wish the software to find the peak- using a wavelength 
range or a cursor on the graph. If you choose the range method, you should 
specify the start and end of this range. There is a ’%’ ratio which defines the 
separation of peaks. Specify the percent of a local minimum that you wish to di¬ 
vide between close peaks. In this tab you can also activate a cursor display. If 
you have more than one channel, choose the channel that the cursors should 
lock to. 

f. Irradiance Measurements tab lets you choose the values you are interested in. 

Photopic/Scotopic values are calculated over 380 to 780 nm wavelength range. 
Radiometric values require you to specify the wavelength integration range. 
Scotopic conditions are defined when the luminance is less than some hun¬ 
dredths of a candela per square meter ). The difference of this scotopic 

vision (low level) condition compared with photopic (high level) condition affects 
the calculations for Lumen, Lux and Candela by using the V’(>^) spectral luminous 
efficiency curve instead of the V(>^) curve. In most cases, photopic condition 
should be selected (default). 

g. Color Measurements tab lets you choose the color values you are interested in. 
Color measurements require you to specify if it is a reflective or emissive meas¬ 
urement and if you want to use the 2° (CIE 1931) or 10° (CIE 1964) observer. If 
you choose reflective color measurements, you should specify also the ‘lllumi- 
nant’ and ‘Reference Tile’. This illuminant is a theoretical CIE defined and has 
nothing to do with your actual lamp used in the measurement. In most cases 
when you store the reference spectrum using a ‘perfect’ reflector, choose the 
White tile. 

5. Set main window parameters 

a. Acquisition parameters are set at the top-right corner. If you have more than one 
channel active, set parameter for each channel by selecting that channel and 
then setting values individually. These parameters should be set for a smooth 
curve with a maximum around 3500 counts. Integration period alone can be 
changed since the last calibration but a new dark scan should be stored again. 

b. ‘Scan’ toggle switch is used to activate scanning either in a single-shot or con¬ 
tinuous mode. 

c. ‘Analysis’ toggle switch activates the calculations and their display. This switch 
will be grayed-out until at least one calculated value is activated in the configura¬ 
tion panel. If only one calculated value is active, it will be displayed under the 
analysis switch. For more than one, they will be displayed in their own individual 
windows depending on their category. 

d. Spectral Graph Mode defines the display mode. Color calculations will execute 
in any of the display modes as long as irradiance calibration has been performed. 
uW/cm''2/nm mode will cause the color calculation to use the results of the abso¬ 
lute irradiance calibration. All other modes will cause color calculations to exe¬ 
cute using the relative irradiance results. 
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i. Scope mode displays the raw spectrometer data. You should use this 
mode to verify general operation of the spectrometer and to adjust ac¬ 
quisition parameters before stepping into any of the other modes. 

ii. uW/cm''2/nm displays the calibrated irradiance mode data. You should 
calibrate spectrometer for relative or absolute irradiance first. 

iii. Reflectance mode calculates the reflection (transmission) in %. This 
mode requires a dark scan and a reference lamp scan reflected off a 
‘perfect’ reflector placed at the same location as the sample. 

iv. Relative irradiance mode corrects the spectrometer readings by using a 
lamp with known color temperature as the reference scan. This color 
temperature has to be entered in the configuration window before storing 
a reference scan of this lamp. A dark scan has to be stored as well. 

e. ‘Store Dark’ button stores the spectrometer’s background spectrum to be sub¬ 
tracted from sample and reference scans in most calculations. If more than one 
channel are active, this dark scan will be scanned for the active channel in the 
top-right corner of the application window. Note that this ‘background’ depends 
on acquisition parameters so remember to store a new dark scan after any 
change in these parameters. 

f. ‘Ref button stores a reference scan. This reference scan depends on the mode 
you intend to use. It will affect only the reflectance and relative irradiance 
modes. 

g. File menu items: 

i. Open - prompts you to select a previously saved file with the extension 
‘.ird’ 

ii. Save - prompts you to select a name and path for the graph data. An ex¬ 
tension ‘.ird’ will be added automatically. 

iii. Export - saves the same data as with the ‘Save’ option except the header 
data in the saved file is striped. This is useful when working with applica¬ 
tions that do not recognize this header. 

iv. Save irradiance as lamp file - saves the power spectrum as a ‘.Imp’ file. 
This is useful when measuring a lamp’s power output and using that as 
the calibration lamp during a calibration process without using a regres¬ 
sion to create a lamp’s calibration data from a typical ‘.Imp’ file. 

V. Add header to log file - adds a new descriptive header line to the log file 
depending on the selected calculated values. 

vi. Page Setup... - is a standard Windows menu item, which you should be 
familiar with. 

vii. Print - prints the current graph and calculated values, which are visible. 

h. Lamp menu items: 

i. Current calibration lamp’s graph - overlays the most recent calibration 
lamp’s graph onto collected graphs. This is useful as a verification step 
immediately after an absolute irradiance calibration. Scan the calibration 
lamp and overlay its given data. 

ii. Strobe Enable - turns an output signal ON or OFF. Check your spec¬ 
trometer documentation for this pin’s location. It is useful to activate ex¬ 
ternal devices (lamps etc.). 

i. Configure menu items: 

i. Hardware - displays a configuration window that sets the hardware se¬ 
lection. Some items in this window depend on other items. 

ii. Spectrometer - displays a configuration window that sets all other spec¬ 
trometer parameters. 

j. Calibrate menu items: 

i. Absolute irradiance - uses a lamp with know power output to calibrate 
spectrometer for irradiance readings. 
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ii. Relative irradiance - uses a lamp with know color temperature to cali¬ 
brate spectrometer for irradiance readings, which is correct in shape on a 
scale of 0 to 1. 

ill. Color - no actual steps are taken here. This is just to remind you that 
emissive color measurements rely on either an absolute or relative ir¬ 
radiance calibration. 

k. Chart menu items are active only if chart is activated in the configuration window. 

These menu items let you save, open, print and clear the chart. 

l. Windows menu items: 

i. Clear overlaid scans - lets you clear the previously opened spectra 

ii. Show grid - makes the graph’s grid visible or invisible. 

ill. Auto scale Y - rescales the graph’s vertical scale once to fit the curve in 
the graph’s full area. 

iv. Auto scale X - rescales the horizontal scale to show the spectrometer’s 
full range. 

V. Few windows will be listed depending on the active calculated values. 
You can select any of these, to bring it to the front, if it is hidden behind 
another window. If your screen is big enough, place these windows so 
they are not hidden even if they are inactive. 

6. If you received a spectrometer calibration file (with extension ‘.cal’) from Ocean Optics, 
copy it into this application’s folder (C:\Program Files\Ocean Optics\OOIIrrad2beta\). 
Choose ‘Calibrate | Absolute Irradiance’ and then choose ‘Spectrometer | Active Spec¬ 
trometer Calibration File’. You will be prompted to select the calibration file you have just 
copied. If you wish to calibrate the spectrometer for irradiance yourself, follow instruc¬ 
tions bellow for either absolute or relative irradiance calibration. When finished, switch 
spectral graph mode selector to ‘Relative Irradiance’ or ‘uW/cm''2/nm’ for absolute irradi¬ 
ance. If you need to change integration period, make sure to store a new dark spectrum 
with the new integration period. For calculated values, switch the ‘Analysis’ to the ON 
position. 


Absolute irradiance Calibration 

1. Have your calibration lamp handy. Copy its calibration data files into the application’s in¬ 
stallation folder (C:\Program Files\Ocean Optics\OOIIrrad2beta). 

2. Set up your optical path from lamp to spectrometer. This should include any optional 
components like fibers, integrating sphere, CCS or CC3-DA. The application needs to 
know the size of the collection area. In the configuration window there is an entry for fi¬ 
ber diameter in microns. If using a bare fiber, enter the fiber’s diameter in microns. If us¬ 
ing a cosine corrector (CCS), enter the value ‘S900’ microns. If using a direct attach 
(CCS-DA), enter the value of ‘7140’ microns. 

S. Adjust ‘Norn. Integ. Period’, in scope mode, for a peak around 3500 counts. For most 
calibration lamps set the ‘Smoothing Size’ to around ‘5’. Keep the ‘Scans to average’ at 
‘T only until you decide to start the calibration when you should increase it to a value 
around 100. This may slow down the response time in the calibration process but will 
improve the calibration results. 

4. Turn off the ‘Scan’ toggle switch and select ‘Calibrate | Absolute Irradiance’. An absolute 
irradiance calibration window will appear displaying date, spectrometer serial number, 
lamp serial number, acquisition parameters and three graphs: 

a. Calibration Lamp graph displays the current calibration lamp with its given data 
points and its fitted mathematical curve 

b. Actual Scan graph displays the spectrometer’s actual raw reading of this calibra¬ 
tion lamp. It also displays the dark spectrum and the resulting difference be¬ 
tween the raw lamp reading and the spectrometer’s dark readings. You can see 
that what the spectrometer reads is nothing like what the lamp’s output is. This is 
why a calibration is needed. 
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c. Calibration Curve graph displays the resulting multiplication factor for spectrome¬ 
ter. This factor is uJoules/counts, which allows calculation of energy values for 
every scan. Power can be calculated by dividing the energy with the correspond¬ 
ing integration period (exposure time). 

5. Choose ‘Lamp | Select Lamp (file)’ to activate the calibration lamp’s data. Note that there 
are two files with the LS-1-CAL. One for bare fibers and one for CCS. 

6. Choose ‘Spectrometer | Scan Dark’ and follow instructions to store the spectrometer’s in¬ 
ternal background spectrum. This scan will show on the ‘Actual Scan’ graph. 

7. Turn on calibration lamp and let it warm up for at least 20 minutes. Choose ‘Spectrome¬ 
ter I Scan Calibration Lamp’ and follow instructions to store lamp’s reference scan. This 
scan will show on the ‘Actual Scan’ graph. 

8. Choose ‘Spectrometer | Calibrate (no scan)’ to create the calibration curve which will be 
displayed in the ‘Calibration Curve’. You will be prompted to name the calibration. This 
calibration file will be used by the application by default unless a different calibration file is 
activated. 

9. Calibration lamps are usually for either a UV or visible range. Use the ‘Windows | Auto- 
Scale UV Range’ or ‘Windows | AutoScale Visible Range’ to limit the display and/printout 
to the relevant range. The saved calibration file always includes the spectrometer’s full 
range and will not be affected by this selection. 

10. If you have calibrated one spectrometer for both the UV and visible ranges, you could 
combine these separate calibrations into one file using the ‘Spectrometer | Combine 
UV/VIS Calibrations’: 

a. Open UV calibration file 

b. Open VIS calibration file 

c. Both curves should be close to each other in values at around 400nm. Select the 
priority of the UV or visible range as the dominant with the ‘Spectrometer | UV 
Range Priority’ or ‘Spectrometer | VIS Range Priority’. The other curve will be 
‘stretched’ toward the dominant curve to create a smooth transition at the combi¬ 
nation wavelength, which is usually 400 nm. This assumes that one of the cali¬ 
brations is more accurate than the other. 

d. Choose ‘File | Save UV/VIS Calibration’ to save the combined calibration file. 

You will be prompted to name this new file. 

11. You could activate any calibration file to be the current spectrometer calibration by choos¬ 
ing ‘Spectrometer | Active Spectrometer Calibration file’. You will be prompted to select a 
calibration file with extension ‘.cal’. 

12. You are ready to make absolute irradiance measurements. Close the irradiance calibra¬ 
tion window, switch the spectral graph mode to ‘uW/cm''2/nm’ and flip the ‘Scan’ toggle 
switch up to ‘ON’ position. As a verification to the calibration you should scan the calibra¬ 
tion lamp once and then overlay lamp’s given data with the ‘Lamp | Current Calibration 
Lamp’s Graph’ menu option. You can hide it with the same menu item. You can change 
the integration period and averaging but remember to store a fresh dark spectrum. It is 
not recommended to change the ‘Smoothing Size’ compared with this value during the 
calibration process. 


Until a final release is posted on our website, new beta versions will be posted on our FTP 
site at: ftp://ftp.oceanoptics.eom/pub/OOIIrrad2Beta/ 

Moshe Daniel 
MosheD@OceanOptics.com 
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APPENDIX C. PROCEDURE TO TRACE I-V CURVES WITH 

HP6626A 


The steps to take an I-V eurve using the HP6626A are given here. This method is 
used to obtain a control curve. 

To use the HP6626A and the corresponding Lab VIEW Virtual Instrument (VI), 
the HP6626A needs to be manually configured via the front panel of the power supply. 
Follow these steps to set the bias voltage to 4 V on channel 2: 

1. Ensure the connections to the cell are correct. Check the polarities of the cell! 

2. Press LCL on the front panel to switch to local control (so that it is not expecting 
commands from the GPIB). 

3. Press the right arrow of OUTPUT SELECT to select channel 2 (look at the bot¬ 
tom left side of the ECD to see the arrow pointing to the appropriate output chan¬ 
nel). 

4. Once channel 2 is selected, press VSET. 

5. Enter 4, then press ENTER. 

6. Press ISET, and enter a current that is a little above the expected short-circuit cur¬ 
rent for the solar cell being tested. A safe value to use is 250 mA. This step is to 
ensure the power supply is outputting a 4 V bias that is not disturbed by the cur¬ 
rent. To enter 250 mA, press .2 5 0 ENTER. 

7. The HP6626A is ready to trace a curve via GPIB command. The VI will auto¬ 
matically take control when it is run. You may select to view channel 1 to ob¬ 
serve the voltages and currents as the VI steps through the cell voltages. 

To use the HP6626A VI to trace an I-V curve: 

1. Open the appropriate VI. There is one VI to trace a cell with an open-circuit volt¬ 
age less than 1.1 V, and one VI to trace a cell with an open-circuit voltage around 
2.6 V (triple-junction cells). Both Vis will decrease the voltage increment to 0.01 
V once the trace is near the knee, so that it can get more data points at the knee. 
The difference is that the first VI will do this at 0.4 V of the cell (or at 4.4 V in¬ 
cluding the bias), while the second VI (for TJ cells) will do this at 2.4 V (or 6.4 V 
with the bias). 

2. For Starting Voltage, ensure 4.0 is entered (should already be there by default) 

3. For Voltage Increment, enter what you would like. A usual value is 0.1 V. 

4. For Ending Voltage, enter the expected Foe + 4. The 4 V is necessary to account 
for the cell bias. The data obtained by the VI will have this 4 V. When process¬ 
ing data, simply subtract 4 V from the voltage. 

5. Click the run button (the arrow at the left side of the toolbar) to run the VI. It will 
ask the user to save the file when the trace is complete. 
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APPENDIX D. COUPON DRIVER BOARD CIRCUIT SCHEMATIC 

AND BOARD LAYOUT 


The circuit schematic and the board layout of the Coupon Driver Board (CDB), 
second version, are presented here. The circuit schematic contains components for sun- 
angle sensors and thermistors that were not used in this thesis, but will be used on 
NPSATl. The CDB is only a test platform and is not the actual board to be used on 
NPSATl. The sun-angle sensor and thermistor circuits are also prototypes and will re¬ 
quire testing in the future. Salmon [21] and Draper [22] provide descriptions for those 
circuits. 
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Figure D-3. Circuit schematic for the Coupou Driver Board, part 2 of 2. 
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Figure D-3. Printed circuit board layout for the second version of Coupon 

Driver Board. 


80 






















APPENDIX E. CDB VIRTUAL INSTRUMENT SOURCE CODE 


A portion of the Virtual Instrument code for the Coupon Driver Board is pre¬ 
sented in this appendix. The original program by Tara Holz had code for channel 4 and 
the calibration channel only, both described in Draper [22], The code was modified in¬ 
clude the other three channels. The code for channel 1 (labeled Test Cell 1 in the code) is 
included here. The code for the remaining channels is similar except for the MUX ad¬ 
dressing. The MUX addresses for the other channels are listed in Table V-2. The func¬ 
tions of each frame are briefly described in Table V-1 and described in detail by Draper. 
There are nine frames for each test cell channel. 



Figure E-1. User interface of the Coupon Driver Board VI. 
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Figure E-2. Frame 0 for channel 1. Other channels have the same code. 
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Figure E-3. Frame 1 for channel 1. The other channels will have different 
MUX addresses, shown in red numbers in the code here. See Table V-2 for 
the addresses for the other channels. 
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Figure E-4. Frame 2 for channel 1. 
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Figure E-5. Frame 3 for channel 1. 
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Figure E-6. Frame 4 for channel 1. The MUX addresses in red will he 
different for other channels. See Table V-2 for the addresses for the other 

channels. 
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Figure E-7. Frame 5 for channel 1. 
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Figure E-8. Frame 6 for channel 1. The MUX addresses in red will he 
different for other channels. See Table V-2 for the addresses for the other 

channels. 
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Figure E-9. Frame 7 for channel 1. 
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Figure E-10. Frame 8 for channel 1. 
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APPENDIX F. COMPLETE TEST RESULTS 


All of the plots from the tests performed on the SMS analog eircuit using the 
Coupon Driver Board (CDB) are ineluded here, a total of 21 plots. Plots presented in 
Chapter V are also repeated here. For the ineidence angle and temperature tests, a “fam¬ 
ily of curves” is shown, followed by a graph of comparison of the CDB and HP6626A for 
each of the angles and temperatures. The cells were illuminated by the solar simulator 
with spectrum shown in Figure IV-6. 

In all of the plots by the CDB, there is tremendous noise near the knee of the 
curve. This was partially caused by the DAQ card and, at times, was caused by surround¬ 
ing noise from other lab equipment, especially the vacuum pump in the lab used to suck 
the cell down on the mounting plate. But for most of the curves, only the part to the right 
of the knee matches the FIP6626A control curve very well. Some curves actually match 
the HP6626A curve in all regions. In the plots here, smoothing was done on the curves. 

A, VARIATION OF THE LIGHT INCIDENCE ANGLE 

1, Commercial Improved Triple Junction Cell 

Response vs. Light Incidence Angle as Measured by CDB 

2.0 X 2.0 cm Commercial TJ Cells 



Vollage (V) 

Figure F-1. Light incidence angle effect on Spectrolab ITJ cell. 
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Current (mA) 


CDB VS. HP6626A at 0° Light Incidence Angle 
2 X 2 cm Commerical TJ Cells 



0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 

Voltage (V) 

Figure F-2. Comparison of CDB to HP6626A for ITJ cell at perpendicular 

incidence angle. 


CDB vs. HP6626A at 30° Light Incidence Angle 
2 X 2 cm Commerical TJ Cells 



0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 

Voltage (V) 

Figure F-3. Comparison of CDB to HP6626A for ITJ cell at 30° from the 

normal. 
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Current (mA) Current (mA) 


CDB VS. HP6626A at 45° Light Incidence Angle 

2 X 2 cm Commerical TJ Cells 



0 0.25 0.5 0.75 t t.25 t.5 t.75 2 2.25 2.5 2.75 

Voltage (V) 

Figure F-4. Comparison of CDB to FIP6626A for ITJ cell at 45° from the 

normal. 

CDB vs. HP6626A at 60° Light Incidence Angle 

2 X 2 cm Commerical TJ Cells 



0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 

Voltage (V) 

Figure F-5. Comparison of CDB to HP6626A for ITJ cell at 60° from the 

normal. 
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2, Experimental Triple Junction Cell 


For some reason the results obtained here in this seetion for the XTJ eells are the 
best of all the results. The CDB eurves matehed the F1P6626A very well in all regions. 
There is no clear explanation why this is so. 


Response vs. Light Incidence Angle as Measured by CDB 

1.64 X 1.64 cm XTJ Cells 



Voltage (V) 

Figure F-6. Light incidence angle effect on Spectrolab XTJ cell. 
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Current (mA) Current (mA) 


CDB VS. HP6626A at 0° Light Incidence Angle 
t .64 X 1.64 cm XTJ Cells 



0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 

Voltage (V) 

Figure F-7. Comparison of CDB to HP6626A for XTJ cell at 0° from the 

normal. 

CDB vs. HP6626A at 20° Light Incidence Angle 
1.64 X 1.64 cm XTJ Cells 



0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 

Voltage (V) 

Figure F-8. Comparison of CDB to HP6626A for XTJ cell at 20° from the 

normal. 
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Current (mA) . Current (mA) 


CDB vs. HP6626A at 30° Light Incidence Angie 

1.64 X 1.64 cm XTJ Cells 



0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 

Voltage (V) 

Figure F-9. Comparison of CDB to HP6626A for XTJ cell at 30° from the 

normal. 


CDB vs. HP6626A at 60° Light Incidence Angle 

1.64 X 1.64 cm XTJ Cells 
Cell Temperature 28°C 



0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 

Vollage (V) 

Figure F-10. Comparison of CDB to HP6626A for XTJ cell at 60° from the 

normal. 
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B. 


VARYING THE TEMPERATURE ON THE CDB ELECTRONICS 


Two plots are presented here, one for the experimental cells, and one for the 

commercially-available ITJ cell, both are by Spectrolab. 

CDB Temperature Comparison 
2 X 2 cm Commerical TJ Cells 



Voltage (V) 

Figure F-11. CDB temperature comparisou with au ITJ cell. 


CDB Temperature Comparison 

1.64 X 1.64 cm XTJ Cells 



Voltage (V) 

Figure F-12. CDB temperature comparisou with au XTJ cell. 
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c. 


VARIATION OF THE CELL TEMPERATURE 


1, Commercial Improved Triple Junction Solar Cell 

Cell IV Response vs.Temperature 

2 X 2 cm Commerical TJ Cells 



0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 

Vollage (V) 

Figure F-13. Cell temperature effect ou commercially-available Spectrolab 

ITJ solar cells. 

CDB vs. HP6626A Comparison 

2.0 X 2.0 cm Commercial TJ Cells 



0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 

Vollage (V) 

Figure F-14. Comparisou of CDB to HP6626A for ITJ cell at 18°C. 
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Currsnt (mA) Current (mA) 


CDB VS. HP6626A Comparison 

2.0 X 2.0 cm Commercial TJ Cells 



0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 

Voltage (V) 

Figure F-15. Comparison of CDB to HP6626A for ITJ cell at 28°C. 


CDB vs. HP6626A Comparison 

2.0 X 2.0 cm Commercial TJ Cells 



0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 

Voltage (V) 

Figure F-16. Comparison of CDB to FIP6626A for ITJ cell at 38°C. 
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Current (mA) Current (mA) 


2, Experimental Triple Junction Cell 

CDB IV Response vs.Temperature 
1.64 X 1.64 cm XTJ Cells 



0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 

Voltage (V) 


Figure F-17. Cell temperature effect ou Spectrolab experimeutal solar cells 

(XTJ). 

CDB vs. HP6626A Comparison 

1.6 X 1.6 cm XTJ Cells 



0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 

Voltage (V) 

Figure F-18. Comparisou of CDB to HP6626A for XTJ cell at 18°C. 
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Currgnt (mA) . Curreni (mA) 


CDB vs. HP6626A Comparison 

1.6 X 1.6 cm XTJ Cells 



0 0,25 0,5 0.75 1 1.25 1.5 1,75 2 2,25 2,5 2.75 

Vollage (V) 

Figure F-19. Comparison of CDB to HP6626A for XTJ cell at 28°C. 


CDB vs, HP6626A Comparison 

1.6 X 1.6 cm XTJ Cells 
Temperalure 38°C, Light Incidence Angle 0° 



0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 

Voltage (V) 

Figure F-20. Comparison of CDB to HP6626A for XTJ cell at 38°C. 
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Current (mA) 


D. 


COMPARISON OF THE CHANNELS ON THE CDB 


CDB Channel Comparison 

1.64 X 1.64 cm TJ Cells 



0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 

Voltage (V) 

Figure F-21. I-V curves takeu by the four chauuels ou CDB uuder the same 

couditious. 
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